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Preface 



Heart failure is a common clinical syndrome that has 
enormous impact on the prognosis and lifestyle of patients. 
In the United States, more than 5 million people have heart 
failure and more than 400,000 new cases are diagnosed each 
year. This diagnosis is associated with a 5-year mortality rate 
of approximately 50%, and the morbidity of the syndrome 
has a major effect on the quality of life and productivity of 
afflicted patients. 

In recent years, impressive strides have been made toward 
understanding the pathophysiology of heart failure at all 
levels, from molecular changes to the integrated circulatory 
system. It is now apparent that many forms of primary 
cardiomyopathy, such as h)q)ertrophic cardiomyopathy and 
some forms of dilated cardiomyopathy, are genetic in origin, 
and rapid progress is being made in identifying specific 
molecular defects that cause a variety of inherited heart 
muscle diseases. Likewise, it is now clear that profoimd 
secondary changes occur in previously normal myocardium 
in response to abnormal mechanical stresses and neuro- 
humoral stimuli that result from conunon cardiovascular 
conditions such as myocardial infarction, valvular heart 
disease, and systemic hypertension. Collectively referred 
to as "remodeling," these secondary changes in myocytes, 
fibroblasts, and other constituents of the myocardium result 
in myocyte hypertrophy and apoptosis, alterations in the 
interstitial matrix, chamber enlargement, and abnormalities 
of systolic and diastolic pump function. These structural and 
functional changes determine the timing and extent of the 
myocardial dysfunction and thereby play a central role in 
defining the time course and severity of the clinical s}mdrome. 
Advances in understanding the pathophysiology of heart 
failure have been paralleled by an impressive expansion in 
modalities available for treatment. Only a few years ago, a 
monograph dealing with this syndrome would have focused 
on therapies directed at the short-term improvement of 
hemodynamic function. Although short-term hemodynamic 
stabilization continues to be an important goal of the in- 
hospital management of patients with heart failure, it is 
increasingly apparent that hemodynamic improvement is 
only one aspect of successful long-term therapy. There is 
now evidence that therapy of heart failure with neuro- 
hormonal antagonists that inhibit the renin-angiotensin- 
aldosterone system or the sympathetic nervous system is 
superior to treatment with agents that cause direct 
vasodilation of cause an increase in myocardial contractility. 
Specifically, therapy with converting enzyme inhibitors, 
angiotensin-receptor antagonists, aldosterone receptor 



antagonists, and (3-adrenergic blockers has been shown to 
improve clinical status and reduce mortality. Furthermore, 
it appears that the early treatment of patients with left vent- 
ricular dysfunction can slow or prevent the progression of 
disease and the development of heart failure. Several new 
factors, including inflammatory cytokines, endothelin, and 
oxidative stress have been identified that have the potential 
to mediate the development of myocardial failure and have 
led to promising new therapeutic approaches. 

Now in its 4* edition, the Atlas of Heart Failure provides a 
comprehensive up-to-date overview of normal cardiac 
function, the mechanisms of dysfunction in heart failure, 
and the therapeutic approaches that are available to manage 
the syndrome. The first two chapters provide a state-of-art 
review of the mechanisms that regulate normal myocardial 
function, begirming with molecular and cellular events in the 
cardiomyocyte and progressing to the level of tissue-organ 
mechanics and systemic circulatory regulation. Chapters 3 
to 6 present the pathophysiology of heart failure by 
addressing the etiology of the syndrome, the molecular and 
cellular basis of myocardial failure, the structural and 
functional effects of myocardial remodeling, and the critical 
roles of the circulatory system and neurohumoral mech- 
anisms in the pathophysiology of heart failure. Chapters 7 
to 14 are devoted to the clinical management of patients 
with heart failure. These chapters provide a timely survey 
of the evidence base for the use of diuretics, digitalis, and 
inhibitors of the renin-angiotensin system, including aldo- 
sterone antagonists and ^-blockers. Also presented are 
descriptions of new therapeutic approaches such as the use 
of stem cells, cardiac transplantation, and new mechanical 
devices. Finally, two syndrome-specific chapters address the 
approach to patients with unstable heart failure or diastolic 
dysfunction, respectively. 

As understanding of heart failure advances, new appro- 
aches to the prevention and treatment of the syndrome will 
emerge. Conversely, it is likely that lessons learned from 
prevention and treatment trials will continue to foster 
insight into the mechanisms that determine this syndrome. 
The complexity of this intersection of basic and clinical 
information presents a challenge to both the clinician and 
the investigator but ultimately promises that additional 
exciting progress will occur in both arenas. I believe that this 
edition of the Atlas of Heart Failure will serve clinicians, 
investigators, and teachers who are interested in heart 
failure by synthesizing and presenting information that is 
relevant to all. 



Wilson S. Colucci, MD 
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Molecular and Cellular 
Basis of Contraction 
AND Relaxation 

Arnold M, Katz 

The ability of the heart to meet the changing demands of the circulation 
involves three fundamentally different mechanisms. The work of the heart can 
be regulated by changes in its ability to empty and fill (organ physiology), to 
utilize chemical energy for the performance of mechanical and osmotic work 
(cell biochemistry), and to replace its constituent parts (gene expression). Each 
of these control mechanisms operates over a different time course. 

As an organ, the heart adjusts to changing preload (venous return) and 
after load (arterial impedance) by length-dependent mechanisms: the Frank- 
Starling relationship, or Starling's Law of the Heart [IJ. These physiologic 
mechanisms, which allow increased preload or afterload to augment the 
heart's ability to eject blood, provide beat-to-beat adjustments that enable the 
heart to meet short-term changes in hemodynamics and to equalize the outputs 
of the two ventricles. 

The second mechanism relies on bitKhemical changes to modify the ability 
of individual cardiac myocytes to contract and to relax, and thus to alter the 
heart's ability to empty (inotropy) and fill (lusitropy). Most of these cellular 
mechanisms, which enable the heart to meet such sustained hemodynamic 
demands as those caused by exercise and emotion, influence the interactions 
between the cardiac contractile proteins by modifying the many membrane ion 
pumps, ion channels, and ion exchangers that regulate the inotropic and 
lusitropic properties of the heart [1]. Excitation-contraction coupling, 
contraction, and relaxation are influenced by a variety of signaling cascades. 
These cascades are initiated by the arrival of an extracellular signal, usually a 
chemical transmitter or hormone, at the cell surface, and utilize a number of 
functional signaling systems to modify cardiac function. 

The third and most complex of the mechanisms by which the heart adjusts to 
the changing demands of the circulation involves growth abnormalities that 
modify gene expression in the cardiac cells. A diverse group of proliferative 
responses cause molecular changes that provide long-lasting adjustments to 
stimuli such as endocrinopathies (eg, altered thyroid function), aging, and 
chronic hemodynamic overload. Although understanding these mechanisms of 
transcriptional regulation is still in its infancy, rich and subtle molecular 
changes caused by growth abnormalities in the diseased heart play an 
important role causing both adaptive and maladaptive cardiac hypertrophy [2]. 
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Figure 1-1. Structure of the heart. The heart is composed of both myocytes and 
nonmyoctes. A, Nonmyocytes include connective tissue cells (mainly fibroblasts), 
vascular smooth muscle cells, and endothelial cells. Whereas large cardiac myocytes 
make up most of the heart's mass, the majority of the cells of the heart (approximately 
70%) are smaller nonmyocytes. The large, branched cardiac myocytes, which are 
enmeshed in a collagen network, are separated longitudinally by intercalated disks. 



which represent specialized cell-cell 
junctions. The intercalated disks provide 
strong mechanical connections between 
adjacent cells and contain gap junctions 
that provide low-resistance pathways for 
electrical conduction. 

B, Cardiac myocytes that are specialized 
for contraction contain myofilaments whose 
organization in a regular array of thick and 
thin filaments gives rise to the characteristic 
striated appearance. Also prominent within 
these cells are two membrane structures: 
energy-producing mitochondria and the 
sarcoplasmic reticulum, sometimes called 
SERCA (sarcoendoplasmic reticulum 
calcium-activated ATPase), which regulates 
cytosolic Ca^^ concentration. The latter, 

an intracellular membrane system that 
delivers activator calcium to the 
myofilaments, contains the calcium 
channels that initiate systole by delivering 
activator calcium to the myofilaments, and 
calcium pumps that, by removing calcium 
from the cytosol, relax the heart by 
dissociating this activator cation from its 
binding sites on the thin filament. 

Myofilaments contain about 70% of the 
protein of the working cardiac myocytes, 
and most the membrane surface is found in 
the mitochondria. Other important 
membranes include the plasma membrane, 
which is continuous with the transverse 
tubular membranes (t-tubules) that extend 
toward the center of the cell where they 
transmit action potentials deep into the 
myocardial cell. 

C, Each sarcomere, which is delimited 
by two Z-bands, contains one A-band and 
two half 1-bands. The A-bands are made 
up of thick, myosin-containing filaments 
into which thin filaments interdigitate 
from the adjacent two half 1-bands. The 
latter are made up of actin and the 
regulatory proteins, tropomyosin and the 
troponin complex. Bisecting each Z-band 
is a lattice of axial and cross-connecting 
filaments that includes the overlapping 
ends of thin filaments from adjacent 
sarcomeres. (B adapted from Katz [3].) 
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Figure 1-2. Sarcomere structure. A, A longitudinal section of 
two sarcomeres of cat atrial myocardium shows the characteristic 
cross-striations created by the regular array of myofilaments. 

The A-band (A) is made up of closely packed, myosin-containing 
thick filaments. In the center of the A-band is the M-band (M), an 
electron-dense region that contains thin radial filaments running 
transversely to the long axis of the sarcomere. The I-bands (I), 
which are made up of the thin actin-containing filaments, are 
bisected by the Z-bands. Glycogen granules are present in the 
cytoplasm and between myofilaments (arrows), and mitochondria 
are seen below. Cross-sections of the myofilament at different levels 
of one of the sarcomeres show relationships between the thick and 




thin filaments. The A-band is a hexagonal array of thick filaments 
containing thin filaments that lie at the trigonal points of the array. 
Thin filaments in the I-band, where thick filaments are absent, are 
less ordered. Thin radial filaments made up of M-band proteins 
connect adjacent thick filaments at the center of the A-band. 

B, A transverse section through a cat right ventricular papillary 
muscle shows myofilaments cut at the level of the M-band, A-band, 
and I-band. Arrows point to the radial filaments between the thick 
filaments in the center of the M-band. Several energy-producing 
mitochondria (MITO) are also seen. The Z-band (Z) at lower right 
appears as a dense network. (A adapted from Katz [1]; Bfrom McNutt 
and Fawcett [4]; with permission.) 
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THE CONTRACTILE PROTEINS 



other. Each of the paired “heads” of the 
molecule (right) includes the globular region 
of one myosin heavy chain along with two 
myosin light chains. The latter, which are 
members of the same family of calcium- 
binding proteins that iucludes troponin C 
(see Fig. 1-4), regulate contractility. Whereas 
enzymatic cleavage at the point indicated by 
the lower arrow yields heavy and light 
meromyostns, enzymatic cleavage of heavy 
meromyosin at the point indicated by the 
upper arrow yields the heavy meromyosin 
subfragment 1. Both the actin-binding and 
adenosine triphosphatase sites of myosin are 
within the myosin head, which corresponds 
to the cross-bridge that projects from the 
thick filament. 

B, The thick filament is an aggregate of 
individual myosin molecules. The “backbone” 
(dashed lines) is made up of the tails of the 
individual myosin molecules; the cross- 
bridges correspond to the myosin “heads,” 
which have opposite polarities in the two 
halves of the thick filament (right and /^). The 
bare area in the center of the thick filament is 
devoid of cross-bridges because of the “taU-to- 
taU” organization of myosin molecules. 
(Adapted from Katz [1].) 

calcium-binding sites. The upper helical 
portions contain two calcium-specific 
binding sites, and the lower part of 
the molecule contains two nonspecific 
calcium/magnesium-binding sites. The 
latter have no role in excitation-contraction 
coupling because the concentration of 
cytosolic Mg^"^ is so much higher than that 
of Ca^'^ that these sites remain occupied by 
Mg^"^ during physiologic changes in 
cytosolic Ca^"^ concentration. In skeletal 
troponin C, both calcium-specific sites 
bind calcium ions to initiate contraction. 

In cardiac troponin C, one of these sites 
has lost the ability to bind calcium, so that 
binding of only one calcium ion is required 
to initiate contraction. 

B, Each calcium-binding site contains 
two a-helical regions (E and F) that are 
separated by a nonhelical loop. This 
structure, which localizes six oxygen 
atoms (0‘) so that they tightly coordinate 
a calcium ion (Ca^^), resembles a right hand 
and so is sometimes called an 
“E-F hand.” (A adapted from Herzberg 
Figure 1-4. Troponin C. A, Ribbon representation based on x-ray crystallographic and James [5]; B adapted from Katz [1].) 

studies at 2.8-A resolution shows the dumbbell-shaped molecule that contains four 





Figure 1-3. A myosin monomer and myosin aggregates. A, Each elongated myosin molecule 
consists of two heavy chains and two pairs of light chains. The “tail” of the molecule (left) is a 
coiled coil in which a-helical regions of the two myosin heavy chains are wound around each 
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Figure 1-5. Structure of the thin filament. A, The “backbone" 
of the thin filament, seen in a longitudinal view, is F-actin, which 
contains two strands of actin monomers {light grey and white). 
Troponin complexes, each made up of one molecule each of 
troponin C, troponin I, and troponin T, are distributed at 
approximately 400-A intervals along the thin filament. Elongated 
tropomyosin molecules (solid) lie in the grooves between the two 
actin strands. B, A cross-section of the thin filament at the level 
where the troponin complexes are located shows probable rela- 
tionships between actin, tropomyosin, and the three components 
of the troponin complex. The strength of the bond linking tropo- 
nin I and actin varies, depending on whether Ca^^ is bound to 
troponin C. (Adapted from Katz [1].) 



Contraction and Relaxation 



CONTRACTILE PROTEIN INTERACTIONS 




A* Relaxed (diastole) filament filament 




B. Active (systole) 



Figure 1-6. Cardiac contraction is brought about by interactions 
between actin in the thin filament and myosin cross-bridges that 
project from the thick filament. A, In relaxed muscle, where 
troponin C (TnC) is not bound to calcium, the “relaxed" 
conformation of the troponin complexes and tropomyosin 
prevents actin in the thin filament from interacting with the 
myosin cross-bridges. As a result, actin is unable to convert the 
chemical energy of the adenosine triphosphate (ATP) bound to 
the myosin cross-bridges into mechanical work. 
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B, In active muscle, Ca^^ bound to TnC has shifted the troponin 
complexes and tropomyosin to an “active" conformation that 
enables actin to interact with the myosin cross-bridges. Release 
of chemical energy when actin stimulates hydrolysis of myosin- 
bound ATP enables the cross-bridges to “row" the thin filaments 
toward the center of the sarcomere. Tnl — troponin I; TnT — 
troponin T. 
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Figure 1-7. Key structures (A) and calcium fluxes (B) that control cardiac excitation- 
contraction coupling and relaxation. Calcium "pools" are in bold letters (A). 

{Continued on next page) 
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Figure 1-7. Continued In B, the thickness of the arrows indicates 
the magnitude of the calcium fluxes, while their vertical 
orientations describe their "energetics": down arrows represent 
passive calcium fluxes; up arrows represent energy-dependent 
active calcium transport. Most of the calcium that enters the cell 
from the extracellular fluid via L-type calcium channels {arrow A) 
triggers calcium release from the sarcoplasmic reticulum; only 
a small portion directly activates the contractile proteins 
{arrow Al). Calcium is actively transported back into the extra- 
cellular fluid by the plasma membrane calcium pump ATPase 
(PMCA; arrow Bl), and the Na/Ca exchanger {arrow B2). The 
sodium that enters the cell in exchange for calcium {dashed line) 
is pumped out of the cytosol by the sodium pump. Two calcium 
fluxes are regulated by the sarcoplasmic reticulum: calcium 



efflux from the subsarcolemmal cisternae via calcium release 
channels {arrow C) and calcium uptake into the sarcotubular 
network by the sarco(endo)plasmic reticulum calcium pump 
ATPase {arrow D). Calcium diffuses within the sarcoplasmic 
reticulum from the sarcotubular network to the subsarcolemmal 
cisternae {arrow G), where it is stored in a complex with calse- 
questrin and other calcium-binding proteins. Calcium binding to 
{arrow E) and dissociation from {arrow F) high-affinity calcium- 
binding sites of troponin C activate and inhibit the interactions 
of the contractile proteins. Calcium movements into and out of 
mitochondria {arrow H) buffer cytosolic calcium concentration. 
The extracellular calcium cycle is shown at arrows A, Bl, and B2, 
while the intracellular cycle involves arrows C, E, F, D, and G. 
{Adapted front Katz [1].) 
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Figure 1-8. Cytoskeletal proteins found in the myofilaments are 
related to the thick and thin filaments, and the Z line. The giant 
protein, titin, which extends from the Z band into the thick 
filament, is connected to myosin near the center of the thick 
filament by myosin binding protein C. Those portions of the titin 
molecule that lie within the A band are quite rigid, while the 
regions found in the I band are more elastic. Several proteins 
make up the M bands, which are transverse structures that link 
the centers of the thick filament; these include M protein. 



myomesin, and the MM isoform of the enzyme creatine phos- 
phokinase (CK-MM). Myosin-binding protein C links adjacent 
thick filamants in the central region of the sarcomere. Proteins 
that support the thin filaments include nebulette, a protein 
related to skeletal muscle nebulin, which connects the ends of 
the thin filaments to the Z band, and tropomodulin, which caps 
the ends of the thin filaments. Proteins that connect the thick 
filaments to the Z line include a-actinin and cap Z (p-actinin). 
{Adapted from Katz [1].) 
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EXCITATION-CONTRACTION COUPLING 




Figure 1-9. Cross-section of a dyad in rat ventricular muscle. The Figure 1-10. The sarcotubular network (SR) of rat ventricular 

large central structure is a cross-section of the transverse (t) tubular muscle in a “grazing” section over the sarcomeres. The dark 

system, which is surrounded by two cisternae (sc), each of which granules near this structure are glycogen. The faint linear struc- 
partially envelops the t-tubule. The cisternal membrane does not ture composed of two parallel lines, crossing the SR {lower right), 
contact the t-tubule; instead, excitation-contraction coupling probably represents a microtubule. A — A-band; I — I-band; 

depends on electron-dense “foot” proteins that lie between these Z — Z-line. Scale bar = 0.1 pm. {Courtesy o/Judy Upshaw-Earley 

two membranes {arrows). A — A-band; I — I-band; Mito — mitochon- and Ernest Page, Chicago, IL, and adapted from Katz [1].) 

dria; Z — Z-line. Scale bar = 0.1 pm. {Courtesy of Judy Upshaw- 
Earley and Ernest Page, Chicago, IL, and adapted from Katz [1].) 
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Figure 1-11. Structure of the dyad showing '"foot proteins/' now 
recognized to be the calcium release channels of the sarcoplasmic 
reticulum (also called "ryanodine receptors"), which lie in the 
subsarcolemmal cisternae immediately beneath sarcolemmal 
voltage-gated calcium channels in the t-tubule. These intracellular 
channels open when they bind to calcium that crosses the plasma 
membrane through L-type channels. {Adapted from Katz [1].) 




Figure 1-12. Orientation of the calcium pump in the sarcoplasmic 
reticulum. A, The sarcotubular network contains a densely packed 
array of calcium pump ATPase molecules. B, Each subunit of the 
calcium pump ATPase includes a large intracellular peptide loop 
that projects into the cytosolic space and contains both the ATP- 
binding and phosphorylation sites. (Part A adapted from Katz [1]; 
part B adapted from Toyoshima et al [6].) 
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Figure 1-13. Molecular structure of three P-type ATPase pump 
proteins. The plasma membrane calcium pump (A) and 
sarcoplasmic reticulum calcium pump (B) contain 10 membrane- 
spanning a-helices (shown as spirals within the plane of the 
membrane bilayer), as does the major a-subunit of the sodium 
pump (C). In all three proteins, a large cytosolic loop between the 
fourth and fifth membrane-spanning helices contains the active 
site that when phosphorylated by ATP provides the energy for 
active transport. The ions that are transported bind to several of 
the membrane-spanning a-helices within the plane of the bilayer. 
In the plasma membrane calcium pump, a portion of the 
C-terminal peptide chain provides a regulatory site that binds 
the calcium, calmodulin complex (A). Phospholamban, which 
regulates the sarcoplasmic reticulum calcium pump (B), has a 
sequence similar to the C-terminal portion of the plasma 
membrane calcium pump. The sodium pump contains three 
subunits: the larger a-subunit contains the sodium-, potassium-, 
ATP-, and cardiac glycoside-binding sites. The glycosylated 
b-subunit and small g-subunit regulate sodium pump activity. 
{Adapted from Katz [1].) 



MOLECULAR AND CELLULAR BASIS OF CONTRACTION AND RELAXATION 

11 




Figure 1-14. Reaction mechanism of the sodium-calcium 
exchanger. The exchanger, labeled "R/' can move either three 
sodium ions or one calcium ion in either direction across the plasma 
membrane in exchange for either three sodium ions or one calcium 
ion that cross the membrane in the opposite direction. Because a net 



movement of positive charge accompanies the flux of sodium, the 
sodium-calcium exchanger generates a small membrane current and 
so is electrogenic. The rates of sodium and calcium transported by 
the exchanger in either direction depend on the relative concen- 
trations of these ions on the two sides of the membrane and on 
transmembrane potential. The positive inotropic effect of the cardiac 
glycosides, which directly inhibit the sodium pump, is mediated by 
the sodium-calcium exchanger. Because digitalis increases intra- 
cellular Na^, the exchanger will carry more sodium and therefore 
less calcium out of the cytosol. By increasing cellular stores of 
calcium, this effect alone allows the cardiac glycosides to augment 
myocardial contractility. Calcium overload, by increasing calcium 
efflux via the exchanger, generates depolarizing currents that are 
maximal at the end of the action potential, when the ventricles are 
most vulnerable to fibrillation. {Adapted from Katz [1].) 



RESPONSES TO CHANGING ATP CONCENTRATION 



DUAL ROLE OF ATP IN MYOCARDIAL FUNCTION 



SUBSTRATE EFFECTS (ATP<1 |jM) 

Actomyosin ATRase (contractile proteins) 

Ion pumps (sodium and calcium pumps) 

ALLOSTERIC (REGULATORY) EFFECTS (ATP 0.1 TO >1 mM) 
“Plasticize" actomyosin 

Accelerate ion pumps (sodium and calcium pumps) 
Accelerate ion exchanger (sodium/calcium exchange) 
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Figure 1-15. Dual role of ATP in myocardial function. ATP has 
two fundamentally different effects on myocardial function. 
Substrate effects are seen at very low ATP concentrations, below 
1 pM, which saturate the substrate-binding sites that provide 
energy for ion pumps and the contractile proteins. These 
substrate effects require that ATP be hydrolyzed to release its 
chemical energy. Because the free energy released during ATP 
hydrolysis (-AG) depends on the ratio [ATP] /[ATP] + [Pj], the 
energy made available by ATP hydrolysis is reduced by a fall in 
[ATP], and more importantly, by increases in [ADP] and [F-]. ATP 
at much higher concentrations exerts quite different allosteric 
effects; these do not require that ATP be hydrolyzed and therefore 
can be mimicked by nonhydrolyzable ATP analogues. The 
allosteric effects seen at normal cytosolic ATP concentrations, 
which are in the millimolar range, generally stimulate ion pumps, 
ion exchangers, and ion channels; therefore, ATP can be regarded 
as a 'Tubricant" that increases both active and passive ion fluxes. 
Attenuation of these allosteric effects along with a decrease in the 
free energy released by ATP hydrolysis inhibits the calcium fluxes 
involved in both excitation and relaxation {see Fig. 1-8), and 
thereby reduces contractility and slows relaxation in the energy- 
starved heart. Because ATP binding to myosin cross-bridges also 
dissociates actin and myosin, a fall in ATP concentration directly 
inhibits relaxation of the contractile proteins. Other allosteric 
effects seen at normal levels of ATP slow energy production by 
inhibiting glycolysis, glycogenolysis, and oxidative phospho- 
rylation. Attenuation of these inhibitory effects enables a 
decreased cellular ATP concentration to promote ATP 
regeneration in the energy-starved heart. ATPase — adenosine 
triphosphatase. 
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Figure 1-16. Functional and proliferative signaling. Functional 
signaling, shown here, modifies the behavior of pre-existing 
structures by posttranslational modification. A, These mechanisms 
help the worried monster to escape difficulty by increasing its 
capability for fight and flight. B, In the case of proliferative 
signaling, transcriptional changes allow the worried monster to 
escape danger by growing its way out of trouble. Responses 
mediated by proliferative signaling take place much more slowly 
than those mediated by functional signaling. {Adapted from Huber 
[7]; with permission.) 




Figure 1-17. Functional signals modify cardiac function by 
initiating complex multistep responses. For example, the signal 
generated by the arrival of a neurotransmitter at the extracellular 
side of the plasma membrane is commonly “recognized” when a 
transmitter molecule (ligand) binds with high affinity to a specific 
receptor. In most cases, the response to the signal requires that the 
ligand-bound receptor activate a coupling protein, often a member 
of an extended family of GTP-binding proteins. By interacting 
directly with an effector molecule, indirectly by initiating the 
production of a second messenger, or both, the activated coupling 
proteins then evoke a response. Specificity in the responses to the 
many signals that influence cardiac function reflects the high 
affinity of the ligand for a specific receptor, the ability of a given 
ligand-receptor complex to activate a specific coupling protein, and 
the affinity of the activated coupling protein for specific effector 
systems in the cell. 
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PLASMA MEMBRANE RECEPTORS 




Figure 1 - 18 . Some of the proliferative signaling pathways that mediate cardiac 
hypertrophy Extracellular signals can be chemical, for example, p-adrenergic receptor 
agonists, angiotensin II (Ang II), and endothelin, all of which bind to ligand-specific G- 
protein-coupled receptors (GPCR) in the plasma membrane. Chemical messengers include 
peptide growth factors that bind to receptor tyrosine kinases (RTK) and cytokines; the latter 
activate many signaling pathways including those mediated by gpl30. Cell deformation {eg, 
stretch) initiates important proliferative signals when cell adhesion molecules such as 
integrins activate intracellular signaling cascades. 

G-protein-coupled receptors interact with heterotrimeric G-proteins to activate G^ and 
Gp^, both of which include many isoforms. Binding of P-adrenergic agonists to stimulatory G^ 
activates adenylyl cyclase (AC), which forms the intracellular messenger cyclic AMP (cAMP). 
The latter activates protein kinase A (PKA), which can phosphorylate nuclear transcription 
factors. Other isoforms of G^ and Gp activate phospholipase C (PTC) to form two intra- 
cellular messengers, diacylglycerol (DAG) and inositol trisphosphate (IP3). DAG activates 
protein kinase C (PKC), which can phosphorylate nuclear transcription factors. IP3 releases 



calcium from intracellular stores that 
activates PKC and calcium/ calmodulin 
kinase (CaMK), both of which phosphorylate 
nuclear transcription factors. Calcium also 
activates calcineurin, a protein phosphatase 
that dephosphorylates and activates a tran- 
scription factor called nuclear factor of 
activated T cell (NEAT) that mediates 
hypertrophic signaling. Histone deacetylase 
(HD AC), by modifying the structure of 
histones that bind DNA, is an important 
inhibitor of hypertrophic signaling. 

The monomeric G-protein RAS can be 
activated by ligand-bound receptor tyrosine 
kinases, integrins, and the cytokine receptor 
gpl30. Targets for RAS include mitogen- 
activated protein kinase (MAPK) pathways 
and phosphatidylinositol 3-kinase (PI3K). 
There are three types of MAP kinase 
pathway: extracellular receptor-mediated 
kinases (ERK) and two '"stress-activated" 
pathways, c-Jun kinase (JNK) and p38 
kinase (p38K). When activated, all of the 
MAP kinases phosphorylate transcription 
factors in the nucleus. MAP kinases can also 
be activated when janus kinase (Jak) is 
activated by cytokines. PI3K activates a 
serine-threonine kinase called Akt that phos- 
phorylates nuclear transcription factors, 
while the cytokine pathway activates a tran- 
scription factor called signal transducer and 
activator of transcription (STAT). 

All of these pathways participate in 
hypertrophic signaling. Solid lines and 
arrowheads indicate signaling pathways; 
dashed lines with solid arrozvheads indicate 
phosphorylations that activate tran- 
scription factors, while transcription factors 
are indicated by dashed arrows zvith open 
arrozvheads. The pathway initiated by 
HD AC {dashed line) inhibits proliferative 
signaling. {Adapted from Molkentin and 
Dorn [8] and Izumo [9].) 
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PHYSIOLOGY OF 
MYOCARDIAL CONTRACTION 



2 



Mark R, Starling 

The principal function of the heart is to propel oxygenated blood to the 
peripheral tissues to meet their metabolic demands. The systemic arterial and 
venous systems provide the conduits. The interaction of the left ventricle (LV) 
with the arterial and venous systems is therefore integral to the satisfactory 
performance of this vital function. It is important to understand how the normal 
heart functions and how it interacts with the systemic arterial and venous 
systems as a prelude to comprehending how it is affected by various pathologic 
conditions. This chapter provides a physiologic framework for understanding 
normal cardiac contraction and relaxation and the interaction of the LV with the 
systemic arterial and venous systems by developing seven basic concepts. Taken 
together, these concepts can be used to provide insight into abnormal cardiac 
mechanisms in pathophysiologic conditions. 

First, the mechanics of cardiac contraction are examined by a discussion of 
muscle models, an analysis of isometric contraction, the force-velocity relation, 
and the force-velocity-length relation; the concept of length-dependent 
activation; the ultrastructural basis for Starling's law of the heart, differences 
between cardiac and skeletal muscle; and the sarcomere length-ventricular 
performance relation. Second, these concepts are carried into the intact 
heart by examining the determinants of contraction through analysis of the 
cardiac cycle, LV dynamic geometry, and the complex control of the intact 
circulation. Third, the concept of LV preload is examined through an analysis 
of LV diastolic properties, including the importance of the pericardium and 
ventricular interaction, the regulation of venous return, and preload reserve 
and afterload mismatch. 

Fourth, left ventricular contractility is analyzed using the time-varying 
elastance model to assess the effects of catecholamines and pharmacologic 
depressants on contractility and the interval-strength relationship. Fifth, LV 
afterload is defined and the contribution of arterial properties to afterload 
examined, as well as the effects of arterial impedance on LV contractility and 
ejection. Sixth, an assessment of myocardial energetics, using the myocardial 
oxygen consumption/pressure-volume area relationship as an approach to 
evaluating the efficiency of work performed by the contractile element, is 
presented. Finally, neural control of contractility is examined, the concept of 
“accentuated antagonism” defined, and the effects of neural reflexes on 
contractility presented. 
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Figure 2-1. Muscle activity. Several muscle models have been proposed to describe this 
activity [1]. Each model is composed of three elements: a contractile element (CE), which is 
assumed to be freely distensible at rest but is capable of generating force and shortening 
with activation; one or two series elastic elements (SEs); and a parallel elastic element (PE). 
Whereas both the SE and PE are characterized by their length-tension curves, shortening of 
the CE is described by the relationship between force and velocity. During isometric 



contraction, the stimulated CE shortens, 
stretching the SE and thereby developing 
force in accordance with the stress-strain 
relationship of the SE. The rate of force 
development is therefore determined by the 
CE velocity and the stiffness of the SE. In 
the classic model, the passive length-tension 
curve defines the properties of the PE. 

The relationship between developed and 
total tension generated at different muscle 
lengths at two calcium concentrations (A) 
and under control and enhanced contractile 
conditions produced by norepinephrine (B) 
in an isolated cat papillary muscle is 
illustrated. The passive length-tension 
curves are not altered by changes in 
contractile conditions; but with an increase 
in calcium concentration (A), there is an 
increase in both developed and total 
tension at each muscle length. In addition, 
at each muscle length the time to peak 
tension is shortened, demonstrating that an 
increase in tension development occurs in a 
shorter time, consistent with enhanced 
contractile element velocity. This is also 
true when norepinephrine is added (B), 
and the time to peak tension is achieved 
even more rapidly than with an increase in 
calcium concentration. {Adapted from 
Sonnenblick [2].) 
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Figure 2-2. Preload force- velocity relationship. A, The effects of 
increasing preload, ie, initial muscle length, on the force-velocity 
and force-shortening relationships are shown to demonstrate 
several concepts [2]. First, with an increase in preload there is 
an increase in Pq (isometric pressure), indicating an increase in 
isometric tension development consistent with the Frank-Starling 
mechanism. This is further illustrated for shortening by examining 
the effects of increasing preload on shortening and shortening 
velocity at the dashed line, representing a fixed afterload of 1.0 g. 
With increasing preload, there is an increase in both the extent and 
velocity of shortening. Second, extrapolation of the force-velocity 
relationship to (maximum flow per unit of time) reveals that 
it is similar at all levels of preload, illustrating that preload has 
little or no effect on contractile element velocity. 

B, In contrast to the effects of initial muscle length, the effects 
of norepinephrine (NE) on the force-velocity and force- 
shortening relationships differ [2,3]. With administration of 
norepinephrine, there is an increase in the velocity of shortening 
for each afterload, as shown by the dashed line, for a load of 
1.0 g. Isometric pressure increases as it does with an increase in 
preload. However, in contrast to the effects of changes in preload 
alone, extrapolation of the force-velocity relationship to zero 
load indicates there is an increase in consistent with an 
increase in contractile element (CE) velocity. Consistent with 
enhanced CE velocity, there is an increase in shortening at each 
afterload. {Adapted from Sonnenblick [2].) 
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Figure 2-3. The Frank-Starling phenomenon. The capacity of the left 
ventricle to vary the force of contraction on a beat-to-beat basis is a 
function of sarcomere length and constitutes one of the major 
principles of cardiac function. It is generally referred to as the Frank- 
Starling phenomenon. This fundamental property of cardiac muscle is 
based on the length-tension relationship in which the force of 
contraction or extent of shortening is dependent on the initial 
muscle length. This, in turn, is dependent on the ultrastructural 
disposition of the thick and thin myofilaments of sarcomeres. The 
relationship between myofilament disposition and tension 
development in skeletal muscle is illustrated [4-6]. 

A, The myofilaments of the sarcomere are drawn to scale, 
where the thin filaments are 1.0 pm and the thick filaments are 1.6 
pm in length. B, The relationship between the tension developed 
at specific sarcomere lengths in a single skeletal muscle fiber as a 
percent of the maximal tension is shown. The numbers shown 
across the top denote the specific break-points in the curve corre- 
sponding to the sarcomere lengths depicted in the diagram (C). 
Note that there is no overlap of the myofilaments at 3.65 pm to the 
far right of the tension curve. Optimal overlap of the myofilaments 
occurs at sarcomere lengths between 2.0 pm and 2.25 pm. As the 
sarcomere length falls below 2.0 pm, the thick and thin filaments 
begin to overlap to various extents. At approximately 1.25 pm, no 
tension is developed, because the thick and thin filaments are 
completely overlapped and compressed below the length of the 
thick filaments. The overlapping below 2.0 pm interferes with the 
formation of cross-bridges and, therefore, may alter the ability of 
the thick and thin filaments to bind calcium, reduce the sensitivity 
of the overlapping thick and thin filaments to calcium, or generate 
significant internal loads that impede shortening of the sarcomere, 
a — thick filament length; b — thin filament length; c — central 
region on thick filament without cross-bridges; z — Z-line 
attachments of thin filaments. {Adapted from Gordon et al. [6].) 
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Figure 2-4. The relationship between midwall sarcomere length 
and filling pressure from the left ventricle (LV). When the LV is 
empty, the sarcomere length averages 1.9 pm; but as the LV fills, the 
sarcomere length increases. At a filling pressure of 12 mm Hg, the 
sarcomere length reaches approximately 2.2 pm. As illustrated in 
Figure 2-3, this is the optimal sarcomere length for force generation. 
Note that because of the stiffness of the passive elastic (PE) element, 
further distention of the LV causes a sharp increase in filling 
pressures as the PE element attempts to resist overextension of the 
sarcomere and prevent disengagement of the myofilaments. 
Remember also that as preload is increased into these ranges, the 
series elastic (SE) element becomes important and may contribute 
to the resistance to disengagement of the myofilaments. 

The relationship between tension development in the cat 
papillary muscle over the same range of sarcomere lengths has 
been superimposed on the resting length-tension relationship. This 
confirms the information from Figure 2-3 demonstrating that the 
optimal sarcomere length for maximal tension development is 
approximately 2.2 pm. The dashed lines indicate that the apex of the 
active length-tension relationship occurs at the optimal filling 
pressure of 12 mm Fig when sarcomere length approximates 2.25 
pm. {Adapted from Spotnitz et al [7].) 
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Figure 2-5. Ultrastructure-function relation. A, The relationship 
between left ventricular volume and midwall sarcomere length at 
end-diastole (open circles) and end-systole {closed circles) from an 
intact ejecting heart fixed in situ is shown [8]. The open triangles 
indicate the end-diastolic volume and sarcomere length after 
dilatation of the chamber, and the closed squares indicate potentiated 
end-systolic left ventricular volumes and sarcomere lengths. 

B, The data from A have been used to construct the length- 
tension relationship [9]. The resting length-tension relationship 
and two active length-tension relationships are constructed. 

At 2.1 pm on the passive length-tension curve (point A), indicating 
the end-diastolic sarcomere length, the maximal pressure (tension) 
generated under isometric conditions is represented by point P. 

If shortening is allowed to occur in the ejecting heart at point B, 
sarcomere length decreases to approximately 1.8 pm, which is 
indicated on the active length-tension curve at point C. On a 
potentiated beat, end-diastolic sarcomere length would increase 
along the passive length-tension curve to point D. Pressure 
(tension) would rise to point E, and ejection would occur to the 
potentiated end-systolic sarcomere length of 1.6 pm (point F), 
defining a new active length-tension curve that is shifted to the 
left and has a steeper slope. 

Thus, it can be extrapolated that in an actively ejecting normal 
heart, a sarcomere length change of approximately 13% would 
equate to an ejection fraction of approximately 50%. With a 
potentiated beat, the change in sarcomere length would 
increase to 21%, which would produce an ejection fraction of 
approximately 75%. (A adapted from Sonnenblick et al [8]; 

B adapted from Ross et al. [9].) 
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Determinants of Contraction in the Intact Heart 




Figure 2-6. The events of the cardiac cycle. From topi to bottom, 
aortic, left ventricular (LV), and left atrial pressure signals are 
shown, followed by the aortic flow signal, LV volume curve, 

LV wall thickness curve, heart sounds, the venous pulse, and 
the electrocardiogram. With electrical activation there is an abrupt 
increase in isovolumic LV pressure, followed by rapid ejection 
and sustained pressure elevation. Reduced ejection follows until 
closure of the aortic valve, achievement of zero flow, minimal 
volume, and maximal LV wall thickness, at which time diastolic 
events are initiated. The initial diastolic event, active LV pressure 
decline, is followed by rapid filling, which manifests as a rapid 
increase in LV volume and thinning of the LV wall, followed by 
diastasis. Diastole is completed with atrial contraction. {Adapitcd 
from Berne and Levy [10].) 
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Figure 2-7. The heart compared with isolated muscle. In comparing the heart with 
isolated muscle, the heart's volume and pressure can be related to muscle length and 
tension [11]. In more complex formulations, the average circumferential wall stress (force 
per unit of cross-sectional area of wall) is related directly to the product of intraventricular 
pressure and radius, and inversely to wall thickness. In its simplest form, Laplace's law 
for a spherical ventricle is (j=P»r/2h, where r is the left ventricular (LV) radius at the 
endocardial surface, P is intraventricular pressure, and h is LV wall thickness. 

A, As illustrated here in its general form for a thin-walled sphere, the law relates the 
various stresses to the internal pressure, P, by the equation: Uj /rj + (^ 2^ ^2 where 



and G 2 represent stresses acting on the 
surface perpendicular to each other, and 
f 2 represent the radii of curvature of the 
surface, and h represents the wall thickness. 

However, the LV is not a thin sphere; 
but, rather, it is more appropriately 
represented by an ellipsoid of revolution, 
which is thick-walled, where and (J 2 are 
not equal. Therefore, two different stresses, 
meridional stress acting perpendicular to 
the short axis and circumferential stress 
acting perpendicular to the long axis and in 
the direction of the midwall circumferential 
fibers, can be expressed by equations 
Pb/2h (l-h/2b)2 and Pb/h [l-h/2b-bV2a2], 
respectively [12]. 

In the calculation of meridional and 
circumferential stress (cr^^ and cr^, respect- 
ively), a and b represent the midwall semi- 
major and semi-minor axes, respectively. 
Thus, not only do the calculations of meri- 
dional and circumferential stress vary but 
they may vary in a nonlinear fashion with 
changes in LV geometry. In the ejecting LV, 
the extent and rate of shortening are 
analogous to the extent and velocity of 
shortening of isolated muscle. LV pressure 
during ejection is therefore closely related to 
afterload, although geometric factors must 
be considered in calculating wall forces in 
the heart. B, To illustrate this point, LV 
pressure-volume and stress-volume loops 
generated over a wide range of loading 
conditions are shown. The arrows indicate the 
control pressure-volume and stress-volume 
loops [5,13]. The configuration of the stress- 
volume loops clearly differs from the 
pressure-volume loops because LV wall 
thickness and geometry are included in the 
calculation. Nevertheless, both relationships 
show linearity at end-systole. The diastolic 
pressure-volume and stress-volume relations 
both appear to be curvilinear over this range 
of loading conditions. Consequently, both 
pressure-volume and stress-volume relations 
provide the basis for assessing both LV 
systolic (contractile) and diastolic function in 
the intact heart. {Adapted from Ross [13].) 
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Figure 2-8. Interactions in the intact circu- 
lation. In the intact circulation, interaction of 
preload, contractility, and afterload in 
producing stroke volume is complex. Stroke 
volume combined with heart rate 
determines cardiac output, which, in turn, 
when combined with peripheral vascular 
resistance determines arterial pressure for 
tissue perfusion. The characteristics of the 
arterial system also contribute to afterload. 
The interaction of these components with 
carotid and aortic arch baroreceptors 
provides a feedback mechanism to higher 
medullary and vasomotor cardiac centers 
and to higher levels in the central nervous 
system to affect a modulating influence on 
heart rate, peripheral vascular resistance, 
venous return, and contractility [14]. 

Heart rate changes may also influence 
contractility. Cardiac output and peripheral 
vascular resistance can modulate venous 
return. This complex interaction is 
intrinsically fine-tuned to regulate beat-to- 
beat changes and thereby adapt the system 
in response to demand. {Adapted from 
Badke and O'Rourke [11].) 
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Figure 2-9. Left ventricular (LV) diastolic properties. A, LV diastole 
has four phases that include active relaxation during the period of 
isovolumic pressure decline (phase 1), rapid LV filling (phase 2), 
passive LV filling (phase 3), and the atrial contribution to LV filling 
(phase 4). LV relaxation begins at end-systolic volume (V^,^) and is 
completed at end-diastolic volume (V^^). Vq represents the 
unstressed diastolic volume of the LV. B, A complex interaction of 
several factors can affect LV diastolic properties in different phases 
of diastole. These factors include the rate of LV relaxation, the 
extent of LV relaxation, restoring forces of the LV, geometry of the 
LV, the elastic properties of the LV wall, the viscoelastic properties 
of the LV wall, right and left ventricular interaction, pericardial 
restraint, and vascular engorgement [15,16]. 
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Figure 2-10. The use of left ventricular (LV) chamber stiffness and myocardial stiffness in 
differentiating the impact of pathologic processes (in this case, hypertrophy) on diastolic 
properties of the LV is shown. 

The plots of LV pressure versus volume in control subjects and patients with LV 
hypertrophy (LVH) before and after use of nifedipine are curvilinear, representing 



an exponential relationship between 
LV pressure and volume (A). When LV 
chamber stiffness is plotted against 
pressure, the relationship is linearized; and 
there is a distinct difference between the 
control subjects and patients with LVH, 
demonstrated by an increased slope in the 
LVH subjects consistent with increased 
stiffness of the LV chamber (B). In contrast, 
when myocardial stiffness is plotted 
against stress, there is no difference in the 
linear slope values between the control 
subjects and patients with LVH, indicating 
that the elastic stiffness of the muscle has 
not been affected by the hypertrophy 
process despite a significant change in the 
elastic stiffness of the LV chamber (C). 

Therefore, LV chamber stiffness and 
myocardial stiffness can be used to 
differentiate the contribution of changes in 
myocardial properties to altered disten- 
sibility of the LV chamber. {Adapted from 
Mirsky [17].) 




Figure 2-11. The pericardium has a substantial role in determining 
the left ventricular (LV) diastolic pressure-volume relationship. A, 

The pericardial pressure-volume relationship is uniquely bimodal 
[18]. This pericardial pressure-volume relationship was generated as 
right heart volume (RHV) was progressively increased from 0 to 50 
mL. The pericardial pressure-volume relationships were little affected 
by right heart volumes. At low pericardial volumes, the pericardial 
pressure-volume relationship is quite flat, but it becomes extremely 
steep as pericardial volumes exceed approximately 300 to 325 mL. 
Therefore, the pericardial pressure-volume relationship has very little 
effect on LV diastolic properties at low volumes, but it can have a 
substantial restraining effect at high volumes. 

B, To illustrate this point, LV pressure-segment length relations 
in conscious, chronically instrumented dogs were analyzed during 
acute volume loading with (top) and without (bottom) an intact 
pericardium [19]. With acute volume loading, they were 
superiorly displaced; and with sodium nitroprusside, they are 




interiorly displaced toward the control level. With the pericardium 
removed, these relationships are not shifted superiorly; but they 
remain on a continuum despite the same sequence of volume 
loading and sodium nitroprusside infusion. Therefore, with acute 
cardiac dilatation the pericardium contributes substantially to the 
increase in LV diastolic pressure because of shifts in the LV 
diastolic pressure-segment length relationship. 

{Continued on next page) 
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Figure 2-11. Continued This kind of upward displacement of the 
diastolic pressure-segment length or volume relationship is indi- 
cative of the restraining effect of the pericardium. This phenom- 
enon also can be observed with dilatation of chambers of one side 
of the heart. C, The effects of increasing RHVs on the TV pressure- 
volume relationship also have been studied in canine hearts [18]. 
As RHVs are incrementally increased with the pericardium intact, 
LV pressures are also incrementally increased (top). Over a 
comparable range of LV volumes, there is an upward displace- 
ment of the LV pressure-volume relationship due to ventricular 
interaction. As a consequence, for comparable LV volumes, LV 
pressures are disproportionately elevated and provide an 
inaccurate determination of LV filling pressure. In contrast, if 
transmural LV pressure, which takes into account both the LV 
pressure and pericardial pressure, is used, there are no 
differences in transmural pressure across the full range of right 
and LV volumes (bottom), suggesting that transmural pressure 
represents a better measure of LV distending pressure. If right 
atrial pressure is substituted for pericardial pressure, then a 
simple approximation of transmural pressure can be calculated. 
(A and C adapted from Hess et al [18]; B adapted from Shirato 
et al [19].) 




Figure 2-12. The regulation of venous return. The Y axis represents 
cardiac output and venous return, and the X axis represents right 
atrial pressure [20,21]. The solid line from A, on the X axis, to A', on 
the Y axis. Indicates the resting venous return curve. At A, the right 
atrial pressure is high enough to provide no pressure gradient from 
the peripheral tissue to the heart; therefore, there is zero venous 
return. As right atrial pressure falls, the gradient from the peripheral 
tissues to the heart increases and venous return also Increases. With 
superimposition of a normal cardiac output curve, the crossing of 
the cardiac output and venous return curves is the equilibrium point 
at which venous return to the heart from the peripheral tissues is 
matched with cardiac output from the heart to the peripheral 
tissues. With hypofunctioning of the heart, there is a shift m this 
equilibrium point to a higher right atrial pressure, thereby reducing 
venous return to the heart. 

Parallel displacements of the venous return curve are consistent 
with changes in systemic venous pressure that may be attributable 
to changes in vasomotor tone, blood volume, interstitial fluid 
volume, intra-abdominal pressure, or muscle compression of the 
venous system. For example, with blood loss, the venous return 
curve shifts from the A-A' curve to the C-C' curve; and a lower 
equilibrium point is achieved at a lower right atrial pressure and 
cardiac output. The opposite effect is seen with an increase in 
blood volume or vasomotor tone. For example, with 
an increase in catecholamine activity seen with exercise, the 
venous return curve shifts from the A-A' curve to the B-B' curve. 
With hyperfunction of the heart associated with enhanced cate- 
cholamine activity, as with exercise, there is a greater venous 
return at a lower right atrial pressure to maintain cardiac filling 
during the demand for high cardiac output. 

A different pattern of venous return curves results from 
alterations in peripheral vascular resistance at the arteriolar 
level. With a decrease in peripheral vascular resistance, the venous 
return curve shifts to the A-B' curve; and with an increase in 
peripheral vascular resistance, the venous return curve shifts to 
the A-C' curve. These changes in the venous return curve result 
from dilatation or constriction, respectively, of the systemic 
arterioles. Therefore, there is dynamic equilibrium between 
cardiac output and venous return, which is finely regulated on a 
beat-to-beat basis and with changes in demand, such as exercise, 
to maintain cardiac output and tissue perfusion. 
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Figure 2-13. The concept of preload reserve and afterload 
mismatch. This concept was proposed by Ross [22] and 
demonstrated in studies by Lee et al. [23]. This concept provides a 
possible explanation for the descending limb of the Starling curve. 



An attempt to graphically depict this relationship in an intact 
circulation that is allowed to freely adapt to alterations in LV 
pressure and volume is shown here, assuming a single diastolic and 
end-systolic pressure-volume relationship. Starting at point A and 
following the lower solid line at a constant contractile state, SV^ is 
generated. With volume loading alone, movement up the diastolic 
pressure-volume curve to point B occurs, and the lower dashed line is 
followed generating SV 2 , which is greater than SV^, indicating the 
presence of preload reserve. Similarly, with pressure loading, there is 
an increase in end-diastolic volume and pressure to point B along 
the diastolic pressure-volume curve; and the upper solid line is 
followed generating SV 3 , which is equal to SV^. Therefore, despite 
an increase in LV pressure, stroke volume is maintained owing to 
preload reserve. In contrast, with a further increase in LV pressure 
following the upper dashed line, stroke volume is decreased, as shown 
by SV 4 , due to an afterload mismatch. Preload reserve is exhausted 
at point C on the diastolic pressure-volume curve and is therefore 
insufficient to compensate for the increase in afterload. This is 
consistent with the observations of Lee et al. [23] in conscious 
animals, indicating that preload reserve is substantial in the normal 
heart; it can compensate for increases in afterload on a beat-to-beat 
basis without changes in the passive diastolic pressure-volume rela- 
tionship or contractility as long as venous return is adequate. 
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Figure 2-14. The effects of the (3-agonist 
dobutamine and the (3-antagonist 
propranolol on left ventricular (LV) 
contractility in the dog. By examining 
representative LV pressure-volume (top) 
and stress-strain (bottom) relationships, it 
is apparent that dobutamine increases the 
slope of the pressure-volume relation with 
very little change in the volume-axis 
intercept; and propranolol decreases the 
slope with no significant change in the 
volume-axis intercept. Similar 
observations are seen with the stress- 
strain relation. The slope of the LV end- 
systolic pressure-volume relationship is 
unique to the inotropic state. Both the LV 
pressure-segment length and stress-strain 
relationships provide similar information. 
(Adapted from Kaseda et al. [24].) 
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Figure 2-15. The effect of heart rate on the left ventricular (LV) end-systolic pressure- 
volume relationship (E^g) is shown from isolated, ejecting canine LV preparations to 
illustrate the interval-strength relationship [25]. Over a heart rate range from 60 to 120 



beats per minute, the slope of increases 
significantly from 3.5 to 5.3 mm Hg/ mL 
(left). There is very little change in the 
average E^,g above 120 beats per minute. 
Over the same heart rate range, there is 
very little change in the volume-axis 
intercept (Vq). These changes are consistent 
with a positive inotropic effect such as 
that observed with catecholamines [26]. 

The interval-strength relationship in the 
isolated heart preparation is, therefore, 
similar to the interval-strength relationship 
documented in isolated muscle [2] or other 
preparations [27-30], which is indicative of 
the heart rate-dependence of contractility. 
{Adapted from Maughan et al. [25].) 



Afterload 




Figure 2-16. Afterload. The afterload against which the myocardium must work is 
composed of internal stresses, resistance, and inertial components. The external vascular 
load is composed of compliance, impedance, and resistance characteristics of the arterial 
vasculature. The components of stress, left ventricular (LV) pressure, mass, and 
geometry have been described. The viscous drag and inertial forces that must be 
overcome to generate blood movement are minor and are usually ignored. However, the 
characteristics of vascular load and their effects on LV ejection and contractility cannot 
be ignored because they contribute to the internal forces that the myocardium must 
carry during each contraction. 
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Figure 2-17. Arterial impedance. The average systemic arterial impedance moduli from 
normotensive baboons under control conditions and during phenylephrine and nitro- 
prusside infusions are illustrated [31]. The impedance concept is an effort to present a quan- 
titative description of the opposition to blood flow presented by the arterial vasculature [32]. 
Impedance should not be equated with afterload, which is a term that has been developed to 
describe the opposition to muscle shortening. Nevertheless, impedance can contribute to 
afterload through its influence on pressure, loading sequence, and geometry. Both resistance 
and compliance are properties of the arterial vasculature that contribute to, but are not 
equivalent to, total vascular impedance or opposition to blood flow. 

Two specific terms, input impedance and characteristic impedance, have been used to 
differentiate the total opposition to blood flow: input impedance, if there were no wave 
reflections in the system; characteristic impedance, the average of impedance moduli over 



the second to tenth harmonic frequencies 
(Hz), which are indicative of wave 
reflections in the system. 

A, Under control hemodynamic 
conditions, the input impedance falls from a 
high value at zero frequency (mean aortic 
pressure divided by mean flow or vascular 
resistance) to a minimum and then oscillates 
around a mean characteristic impedance 
(Zq) of approximately 140 dynes»s*cm‘^. 

B, When phenylephrine is administered, 
the moduli for characteristic impedance rise 
to an average Zq of approximately 225 
dynes»s®cm'^, indicating increased wave 
reflections in the system. 

C, Nitroprusside decreases these 
oscillations and characteristic impedance 
moduli. Similar observations have been 
reported in the normal human systemic 
arterial vasculature [33,34]. It also has been 
demonstrated that heart rate and respiratory 
variation do not affect these quantitative 
measures of the systemic arterial vasculature 
[34]. {Adapted from Latham et al [31].) 
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Figure 2-18. The effects of alterations in vascular characteristics on 
both left ventricular (LV) contractility (end-systole) and ejection 
(end-ejection). A, Systemic arterial resistance (Rp) is independently 
altered, and LV pressure-volume loops are generated over this 
range of resistance values. Whereas the LV end-systolic pressure- 
volume relationship (left) is not affected by these changes in arterial 
resistance, LV end-ejection (right) is greatly affected. At a higher 
resistance level, indicated by the solid pressure-volume loops, end- 
ejection appears to be similar to end-systole (left). However, at 
reduced arterial resistance, indicated by the dashed pressure-volume 
loops, end-ejection (right) is substantially dissociated from end- 
systole (left). This indicates that changes in arterial resistance that 
exceed the expected variation in the normal vasculature in situ have 
little impact on the time of end-systole and this contractile index, 
but they have substantial effects on ejection characteristics of the LV. 

B, In the same preparation, changes in arterial compliance (C) 
over a sixfold range are used to generate a wide range of LV loads. 
The end-systolic pressure-volume relations are not affected by 
these large changes in arterial compliance (left). In contrast, with 
reduced arterial compliance, represented by the solid pressure- 
volume loops, end-ejection (right) is similar to end-systole (left). 
When arterial compliance is substantially improved, as indicated 
by the dashed pressure-volume loops (right), there is a substantial 
dissociation of end-ejection from end-systole. This demonstrates, 
once again, a significant impact of changes in arterial charac- 
teristics on ejection characteristics of the LV, but they do not affect 
the time of end-systole or this contractile index. (Adapted from 
Nishioka et al. [35].) 
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Figure 2-19. Formulation of muscle energetics. In 34 studies carried 
out in 23 dogs with various degrees of aortic obstruction, Britman 
and Levine [36] measured cardiac output, left ventricular (LV) and 
aortic pressures, heart rate, LV volume, coronary sinus blood flow, 
and coronary sinus oxygen extraction. They then compared LV 
oxygen consumption (LVq02) in mL/ min /1 00 g of LV mass with 
contractile element work per minute in dynes •cm/ min /1 00 g of 
LV weight. As shown here, over a wide range of loading 
conditions (volume loading) and contractile states (isoproterenol), 
contractile element work was the major determinant of 
myocardial oxygen requirements. They concluded that the 
ultimate formulation of muscle energetics must include 
consideration of the energy cost of resting cardiac muscle, 
excitation-contraction coupling, and isovolumic and ejecting 
work. {Adapted from Britman and Levine [36].) 
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Figure 2-20. Suga et al [37,38] took the muscle-energetics concept 
into the pressure- volume plane. They regressed myocardial oxygen 
consumption (MVO 2 ) against the pressure-volume area (PVA) from 
isolated canine left ventricular (LV) preparations. A, The PVA is 
defined in isovolumic and ejecting beats as the area enclosed by 
the LV end-systolic pressure-volume relationship, the diastolic 
curve, and the systolic portion of each pressure-volume 
trajectory, which differs from the definition used in the initial 
studies of Monroe and French [39]. It has two components in the 
ejecting beat, the external work (EW) performed and the 
potential energy (PE) stored within the contractile element to 
perform external work [40], whereas in the isovolumic beat only 
PE is stored in the contractile element. 

B, When MVO 2 is regressed against EW, 
PE, or the PVA, there is a highly linear 
relationship between MVO 2 and the PVA. 
This indicates that neither external nor 
potential energy alone is sufficient for 
predicting MVO 2 , but the PVA, which is 
the simple sum of EW and PE and 
reflective of the total potential work that 
can be performed by the contractile 
element, can reliably predict MVO 2 in a 
given heart under a stable set of contractile 
conditions. {Adapted from Suga et al [37].) 
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Figure 2-21. In contrast to its independence of heart rate, because heart rate is included 
in this formulation [41], a positive inotropic agent has an important effect on the 
myocardial oxygen consumption (MVO 2 )/ pressure- volume (PVA) relationship, as 
indicated here [42]. The same isolated canine left ventricular (LV) preparation was used 
to examine the relationship between MVO 2 and the PVA under control contractile 
conditions (C) and after either epinephrine (EPI) or calcium (Ca). These agents both 
increased the slope of the LV end-systolic pressure-volume relationship, a measure of 
LV contractility, by approximately 70%. The regression of MVO 2 on the PVA during the 
control and enhanced contractile states provided comparable slopes but an increase in 
the Y axis intercepts with the enhanced contractile states. The reciprocal of the slope. 



which reflects contractile efficiency, 
remained similar under the control and 
enhanced contractile conditions at 
approximately 30%. An increase in the Y 
axis intercept reflects the increment in 
MVO 2 needed for excitation-contraction 
coupling, because basal metabolic rate 
should remain constant. 

The incremental energy utilization for a 
given level of mechanical performance 
under the enhanced contractile state has 
been ascribed to the oxygen-wasting effect 
of inotropic agents. This oxygen-wasting 
effect has been related to the increased 
shortening velocity of the myocardium [43]. 
Others have ascribed the same effect to the 
augmented energetics for force-inde- 
pendent heat generation associated with 
calcium release and retrieval in the 
excitation-contraction coupling process [44]. 

The MVO 2 /PVA relationship is unique 
in that it enables us to examine the 
mechanism for the augmented myocardial 
use of oxygen under enhanced contractile 
conditions. Because excitation-contraction 
coupling is known to require large 
amounts of energy at the sarcoplasmic 
reticulum and because both epinephrine 
and calcium augment calcium uptake by 
the sarcoplasmic reticulum, although by 
different mechanisms, the increase in 
MVO 2 needed during the enhanced 
contractile state probably results from the 
increase in energy utilization for excitation- 
contraction coupling produced by these 
positive inotropic agents. The constant 
efficiency observed in the MVO 2 /PVA rela- 
tionship indicates that the efficiency of 
energy conversion of the contractile 
machinery is constant over the wide range 
of loading conditions and contractile states 
employed in these studies. The inde- 
pendence of the slope and, therefore, 
contractile efficiency from the contractile 
state, has not, however, been observed in 
all in situ hearts [45,46]. Therefore, the 
MVO 2 /PVA relationship is a concept that 
can provide useful insights into myocardial 
energy utilization in the intact LV. {Adapted 
from Suga et al. [42].) 
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Figure 2-22. The cardiovascular sympathetic and parasympathetic afferent (left) and 
efferent (right) pathways. The sympathetic and parasympathetic preganglionic cells 
represent the final common pathway of neural impulses to the cardiovascular system. They 
receive excitatory and inhibitory impulses predominantly from the medullary centers. 
These centers may operate independently and are capable of regulating cardiac 
contractility and heart rate, arterial pressure, and regional blood flow distribution. Under 



normal conditions, their activity is 
influenced by higher centers, principally the 
cerebral cortex. Tonic excitatory medullary 
center activity is constantly influenced by 
inhibitory impulses from cardiovascular 
mechano- and chemoreceptors. An increase 
in activity in the carotid sinus and aortic 
nerves, as well as the vagal afferent fibers 
from the heart, reflexly reduces neural 
activity in the efferent sympathetic fibers 
and augments efferent vagal activity. 

The sympathetic preganglionic neurons 
lie in the intermedial lateral horns of the 
spinal cord, leave the spinal cord, synapse 
with the postganglionic neurons in the 
chain of ganglia on each side of the spinal 
cord, and send peripheral sympathetic 
nerves to the heart and blood vessels. Some 
preganglionic sympathetic nerve fibers 
pass directly through these chains to the 
adrenal medulla. The postganglionic 
sympathetic nerves originating from the 
right stellate ganglion are distributed 
primarily to the sinus node and right 
atrium and control heart rate, whereas 
those from the left stellate ganglion supply 
the left atrium and ventricle for control of 
contractility. Terminal sympathetic 
innervation of the heart is a plexiform 
structure extending around the muscle cells 
in close apposition to them. The ventricular 
myocardium is only sparsely innervated by 
parasympathetic nerves. (Adapted from Corr 
etal [47].) 




Figure 2-23. The effect of the postganglionic sympathetic and 
parasympathetic neural fibers on cardiac contractility has been 
described as '‘accentuated antagonism” [48-50], which is illustrated 
here. Starting at point A and following the solid and dashed lines under 
the basal contractile state where sympathetic activity is low and 
parasympathetic restraint is dominant, heightened activity of the 
parasympathetic system (dashed line) does not significantly affect 
contractility or depress stroke volume (SV^). Heightened sympathetic 
neural activity, particularly from the left stellate ganglion, increases 
left atrial transfer function, thereby increasing left ventricular (TV) 
preload and moving on the passive diastolic filling curve from A to 
A^, increasing stroke volume (SV 2 ). In addition, contractility is 
increased and pressure generation and shortening are improved, 
moving to a new LV pressure-volume relationship and enhancing 
stroke volume (SV 3 ). 

During heightened sympathetic neural activity, an increase 
in parasympathetic neural activity becomes more apparent and 
decreases LV contractility, as indicated by a downward and 
rightward displacement of the LV pressure-volume relationship 
to the dashed line, with a reduction in stroke volumes (SV^). 
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Figure 2-24. The steady-state effects of 
intravenous norepinephrine (NE) on mean 
arterial and left ventricular (LV) pressures, 
the rate of change of LV pressure (LV dP/ dt), 
LV diameter and velocity of shortening, and 
heart rate before and after muscarinic 
blockade with atropine is shown from a 
conscious dog preparation. After muscarinic 
blockade, there is a greater increase in LV 
pressure, LV dP/dt, and LV shortening 
velocity with norepinephrine. The para- 
sympathetic nervous system can, therefore, 
exert a tonic inhibitory influence on inotropic 
responses to peripherally administered 
sympathomimetic amines. The striking 
augmentation of the inotropic potential 
of sympathomimetic amines by muscarinic 
blockade is probably mediated through the 
vagal release of acetylcholine, which may 
inhibit the action of sympathomimetic 
amines on the (3-adrenergic receptor at a 
postsynaptic site. {Adapted from Vainer 
et al [51].) bpm — ^beats per minute. 
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Congestive Heart Failure 
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Joshua M. Hare 

Appropriate management of congestive heart failure requires recognition of the 
underlying etiologic basis. Currently, sequelae of ischemic heart disease are 
the most common causes of congestive heart failure in the United States. 
Mechanical causes of heart failure, which include coronary artery, valvular, and 
pericardial disease, must be diagnosed correctly in order to offer appropriate 
surgical therapy. Primary diseases of the myocardium, ie, cardiomyopathies, 
account for approximately 207(> of cases of congestive heart failure [ij. Many 
systemic diseases, such as rheumatologic disorders, metabolic derangements, 
toxin exposures, and endocrinopathies, may affect cardiac function and present 
as a cardiomyopathy [21. Although these secondary cardiomyopathies are 
rare, taken together they represent a significant proportion of new cases of 
dilated cardiomyopathy. As with mechanical causes, recognition of secondary 
cardiomyopathies is essential because treatment may result in the reversal 
of cardiac dysfunction. 

Immunologic, molecular biologic, and genetic studies have helped to 
elucidate the etiologic basis of dilated cardiomyopathy. Among patients who 
present with new-onset dilated cardiomyopathy, approximately 10% have 
myocarditis [3,4]. Molecular biologic techniques have demonstrated that viral 
infection of the heart causing myocarditis can also lead to chronic dilated 
cardiomyopathy. In addition to coxsackie B virus, which is the most common 
cause of myocarditis, HIV represents a growing cause of myocarditis and 
dilated cardiomyopathy. Recent clinical and molecular biologic studies also 
have provided evidence that specific genetic defects may either directly cause or 
predispose to the development of dilated cardiomyopathy in another 20% to 
35% of patients. 

Despite the multiple different causes, left ventricular failure progresses by the 
common pathways of myocyte hypertrophy, fibrosis deposition, and left 
ventricular chamber enlargement. Abnormalities of function during systole, 
diastole, or both may contribute to diminished cardiovascular performance. 
This chapter presents a categorization of cardiomyopathic entities. The causes of 
cardiomyopathy that are potentially reversible if appropriately diagnosed and 
treated are emphasized. 
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A. CLASSIFICATION OF 
CARDIOMYOPATHIES 
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Figure 3-1. Classification of cardiomyo- 
pathies. Strictly defined, the term 
cardiomyopathy denotes a primary disorder 
of cardiac muscle not caused by coronary 
or valvular heart disease. Nevertheless, 
extramyocardial processes that cause heart 
failure frequently cause secondary changes 
in myocardial structure and function. 

A, A general classification of cardio- 
myopathic processes based on obser- 
vations in a large clinical series of patients 
followed over a 10-year period [2]. 



B. SUBCLASSIFICATION OF CARDIOMYOPATHIES 
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Congenital cardiac anomalies 
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Endocrine 

Rheumatologic 

Nutritional 

Toxic 

Metabolic 

Inherited 

Neuromuscular disorders 

Xdinked 

Mitochondrial 

Familial dilated cardiomyopathy 
Storage diseases 

Disorders of cardiac energy metabolism 
Tachycardia-i nduced cardiomyopathy 
Hemochromatosis 
Amyloidosis 
Neoplastic 



B, Subclassification of specific extramyocardial etiologies that can produce 
cardiomyopathy-like syndromes, inflammatory diseases of the heart, and specific 
secondary conditions that can manifest as dilated cardiomyopathy. Although most 
secondary cardiomyopathies are described in the literature as case reports or small 
series, in aggregate they may account for up to 50% of new cases of dilated 
cardiomyopathy [2]. 



Men 

CAD alone 



Women 

CAD alone 




Figure 3-2. The epidemiology of congestive heart failure in the 
United States. The Framingham Heart Study, which followed 
a cohort of 9405 Americans over a 40-year period, has provided 
valuable information regarding the etiologic basis of congestive heart 
failure in the United States [5]. A, Of 331 men and 321 women who 
developed heart failure, the majority had coronary artery disease 
(CAD) with or without hypertension (HTN), and approximately one 
third had HTN alone. At present, idiopathic dilated cardiomyopathy 
has replaced HTN as the second most important etiologic factor in the 
development of heart failure. CAD continues to be the most common 
risk factor for the development of heart failure in the United States. 

B, Large treatment trials provide another valuable source of Infor- 
mation about the causes of heart failure. Data are from a compilation 
of heart failure trials published between July 1989 and June 1990; 



1 B. ETIOLOGIES OF CONGESTIVE HEART FAILURE 






NONISCHEMIC DISEASE 


ETIOLOGY 


PATIENTS. nl%) 


WITH ETIOLOGY. % 


Ischemic 


936(50.3) 




■ Nonischemic 


925(497) 




No etiology 
provided 


247(13.3) 




Etiology provided 


678(36.4) 




Idiopathic 


340(18.2) 


50.1 1 


Valvular 


75(4.0) 


11.1 


Hypertensive 


70(3.8) 


10.3 


Ethanol 


34(1.8) 


5.0 


Viral 


9(0.4) 


1.3 


Postpartum 


8(0.4) 


L2 


Amyloidosis 


1(0.1; 


OJi 


Other/ 

unspecified 


141(7.6) 


20.8 



categories are based on the presence or absence of significant ischemic 
heart disease [6]. In this analysis, 50% of cases were attributable to 
coronary disease; 18.2To of all patients and approximately 50% of 
those with nonischemic disease had idiopathic dilated cardio- 
myopathy. Less commonly, valvular heart disease, HTN, and excess 
alcohol consumption were identified as significant etiologic factors. 

(A adapted from Ho et ai [5]; B adapted from Teerlink ct al [6].) 
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Figure 3-3. Systolic and diastolic heart failure. Abnormalities of 
ventricular function during systole, diastole, or both may produce 
congestive heart failure. Furthermore, the interaction of the heart 
with the circulation {ie, the loading conditions placed on the heart) 
is an important determinant of over-all cardiovascular 
performance. Pressure-volume diagrams can be used to char- 
acterize systolic dysfunction, altered diastolic compliance, and 
the influence of loading conditions on cardiac function. 

A, A series of pressure-volume loops obtained from a patient 
with normal cardiac function. Each loop represents a cardiac cycle 
sampled during inflation of a balloon in the inferior vena cava to 
alter loading conditions. The slope of the end-systolic pressure- 
volume loop relationship (ESPVR, solid line) reflects end-systolic 
ventricular elastance, a relatively load-independent index of 
contractility. B, In dilated cardiomyopathy ventricular volumes are 
higher, and the ESPVR slope is reduced compared with normal 
{dashed line). Ventricular enlargement is a final common pathway in 
the heart with systolic impairment. 



C, Diastolic dysfunction also may produce heart failure, either 
primarily or in conjunction with systolic failure. Both intramyocyte 
{eg, alteration in excitation-contraction coupling and/or cellular 
energetics) and extramyocyte phenomena (fibrosis, elevated 
afterload, and pericardial constriction) contribute to diastolic 
dysfunction [7]. The end-diastolic pressure- volume relationship 
(EDPVR) can be used to assess the passive properties of the 
ventricular chamber. The operative volume stiffness of the ventricle is 
defined as dP/dV (the slope of a tangent to the EDPVR), and the 
compliance of the ventricle is defined as the reciprocal of stiffness 
{ie, dV/dP). Alterations in diastolic function may occur because of 
increases in stiffness due to rises in chamber preload {A toward B) 
or actual shifts in the EDPVR {A toward C). Leftward shifts in the 
EDPVR can occur acutely with ischemia or chronically with 
fibrosis and hypertrophy. With such shifts, the EDPVR is steeper, 
and increments in volume produce an exaggerated rise in pressure. 
LV — left ventricular. (A and B courtesy 0 / David Kass, Baltimore, 
MD; C adapted from Gaasch et al [8].) 



Heart Failure Associated With Coronary Disease 




Figure 3-4. Histology of ischemic cardiomyopathy demonstrating 
replacement fibrosis. Myocyte hypertrophy occurs secondarily in 
response to increases in pressure or volume loads [9]. Fibrosis, 
the increased deposition of collagen, results from either repair 
of parenchymal myocyte injury (replacement fibrosis) or 
pathologic deposition in the interstitium. Histologic studies 
reveal that patients with ischemic cardiomyopathy display 
more replacement fibrosis but less myocyte hypertrophy than 
those with idiopathic cardiomyopathy. Depicted is a focus 
of replacement fibrosis in an endomyocardial biopsy sample 
obtained from a patient with ischemic cardiomyopathy. In one 
study, such foci were found to be 92% specific and 48% sensitive 
for a diagnosis of ischemic cardiomyopathy versus idiopathic 
dilated cardiomyopathy [10]. 
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Figure 3-5. Magnetic resonance images depicting the normal left 
ventricle (LV; A), ischemic cardiomyopathy (B), and LV aneurysm 
(C). These images were obtained in the sagittal view through the 
LV. Ischemic cardiomyopathy may develop months or years 
after a myocardial infarction due to remodeling of the ventricle, 
a process affecting both infarcted and viable {ie, noninfarcted) 
segments. Although the contractile abnormality is focal, 
particularly early in the process, progressive ventricular enlarge- 
ment and eventual failure of noninfarcted myocardium can lead to 
a state that clinically resembles idiopathic dilated cardiomyopathy. 
The ventricle shown here (B) is diffusely enlarged and more 



spherical than the normal ventricle. C, LV aneurysms {arrow) are 
large segments of ventricular wall composed of fibrous tissue. 
These areas exhibit paradoxical systolic expansion, which impairs 
ventricular function despite preserved function of the viable 
myocardium, and may lead to heart failure following large 
myocardial infarcts. About one half of patients with moderate to 
large aneurysms experience symptoms of heart failure with or 
without angina pectoris, and in such patients aneurysm resection 
may lead to a significant improvement in global LV function [11]. 
LA — left atrium. {Courtesy of Joachim Gaa and Robert Edelman, 
Boston, MA.) 
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Figure 3-6. Stunned and hibernating 
myocardium. Both chronic myocardial 
ischemia and reperfusion of ischemic 
muscle may produce a reversible form 
of ventricular dysfunction. A, Stunned 
myocardium refers to left ventricular 
dysfunction after cc:>ronary reperfusion. 
Coronary occlusion, such as that occurring 
during acute myocardial infarction, may 
lead to regional dysfunction beyond the 
area of infarction. Despite restoration of 
flow, regional wall-motion abnormalities 
persist in these areas with viable myocytes. 
This process usually reverses over a period 
of several days after myocardial infarction. 
B, Hibernating myocardium results from 
chronic ischemia. Blood flow may be 
adequate to maintain myocyte viability, but 
may not be sufficient to support the 
full metabolic needs of normal contraction. 
After revascularization, myocardial 
function may significantly improve. 
{Adapted from Kloner et al [12].) 
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Figure 3-7. {See Color Plate) Positron emission tomogram demonstrating hibernating 
(viable but dysfunctional) myocardium in a patient with severe three-vessel coronary 
artery disease who presented with heart failure. In this technique, images are obtained 
after injection of isotopes that assess both myocardial perfusion and metabolic activity 
In these images, active perfusion or metablic activity appears yellow to red. A, A [^^N]- 
ammonia scan demonstrating a large anterolateral perfusion defect (arrow). B, The corre- 



sponding [^^F]-fluorodeoxyglucose image 
demonstrates that metabolic activity is 
preserved in this region (arrowhead). After 
coronary bypass surgery, the patient 
experienced a dramatic improvement in 
left ventricular function. Other imaging 
techniques valuable in the assessment of 
hibernating myocardium include thallium 
imaging and dobutamine stress echocar- 
diography. These techniques can predict, 
with 80% or greater accuracy, if there 
will be significant improvement in left 
ventricular function with revasculari- 
zation. Recently, detection of viable 
myocardium with 201 xi scintigraphy has 
been shown to predict patient survival 
following coronary artery bypass surgery 
[13]. Therefore, patients may be considered 
as candidates for bypass surgery as an 
alternative to heart transplantation. 
(Courtesy 0 / Henry Gewirtz, Boston, MA.) 



Heart Failure Associated With Valvular Lesions 




Figure 3-8. Heart failure associated with aortic valvular lesions. 
Heart failure represents a cardinal manifestation of both stenotic 
and regurgitant valvular heart disease. Aortic stenosis affects 
cardiac function by imposing progressively increasing systolic 
wall stress on the ventricle. Chronic aortic stenosis results in 
concentric left ventricular hypertrophy and fibrosis, and thereby 
increases wall thickness. The increase in wall thickness can initially 
restore wall stress to normal, but frequently heart failure ensues 
because of inadequate hypertrophy (afterload mismatch) or 
depression of myocardial contractility [14]. Heart failure may also 
reflect diastolic dysfunction due to increased diastolic stiffness. 
Heart failure in patients with aortic stenosis bodes a poor 
prognosis, with patients surviving only 1 to 1.5 years; however, 
it is generally responsive to valve replacement [15]. Aortic regur- 
gitation imposes an excessive volume load on the ventricle. The 
rising end-diastolic volume increases diastolic wall stress and 
leads to eccentric hypertrophy of the left ventricle. The ventricle 
initially is capable of handling large volumes of regurgitant flow 



and generates an adequate forward flow without elevation of 
filling pressures. Heart failure usually ensues when end-diastolic 
volume continues to rise in the presence of a falling ejection 
fraction. The ratio of wall thickness to cavity diameter declines, 
wall tension increases, and further afterload mismatch occurs [14]. 
The end-systolic volume serves as a good index of prognosis: 
patients with volumes greater than 90 mL/m^ generally have a 
poor operative survival and fail to recover ventricular function. 
Ventricular dysfunction with exercise can be detected before the 
onset of symptoms and is an indication for surgery. Shown is a 
pathologic specimen from a patient in whom aortic stenosis (A) 
produced marked concentric ventricular hypertrophy (B). Also 
shown is a specimen from a patient with massive eccentric 
hypertrophy due to chronic aortic regurgitation secondary to 
healed bacterial endocarditis (C). Chronic aortic insufficiency 
produces the largest end-diastolic volumes of any heart condition, 
a condition termed cor hovinum. The weight of this specimen 
exceeded 1000 g. (Courtesy o/Frederick J. Schoen, Boston, MA.) 
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Figure 3-9. {See Color Plate) Heart failure associated with mitral 
regurgitation. When mitral regurgitation is acute, it may produce 
symptomatic pulmonary edema as well as pulmonary 
hypertension and right heart failure. Mitral regurgitation can 
also cause chronic left ventricular (LV) dysfunction, which, if 
left untreated, can lead to the development of dilated cardio- 
myopathy. Incompetence of the mitral valve reduces ventricular 
afterload and increases the velocity of contractile element 
shortening; thus, the LV ejection fraction may be normal despite 
significant LV dysfunction. A, Pressure-volume diagram typical 
of mitral regurgitation. Ventricular volume decreases in early 
systole before opening of the aortic valve. After aortic valve 
closure, the ventricle continues to eject into the left atrium (LA), 
resulting in non-isovolumic relaxation. Contractility may be 



depressed in patients with mitral regurgitation as reflected 
by a diminished ratio of pressure to volume at the end-systolic 
point, an estimate of ventricular elastance {sec Fig. 3-3). In 
chronic mitral regurgitation, the ventricle operates at a greater 
volume and, as with aortic regurgitation, ventricular size has 
proven to be predictive of impaired postoperative function. 

B, Echocardiogram with color Doppler depicting severe mitral 
regurgitation in a 70-year-old woman with a myxomatous mitral 
valve and a ruptured chordae. The Doppler jet demonstrates the 
systolic regurgitant flow-velocity from LV to LA {arrozv). 
Ventricular enlargement has ensued with an LV end-diastolic 
dimension of 6.6 cm (normal range, 3.6 to 5.2 cm) and an LV end- 
systolic dimension of 4.2 cm (normal range, 2.3 to 3.9 cm). (A 
adapted from Kontos et al [16].) 




Figure 3-10. Paradoxically, dilated cardiomyopathy may appear to worsen after mitral 
valve replacement due to surgical transection of the subvalvular apparatus. Development of 
operative techniques for mitral repair and chordal preservation has largely eliminated this 
type of postoperative impairment of ventricular performance [17]. This graph shows the 
effect of chordal preservation on postoperative left ventricular (LV) ejection fraction. Patients 
received mitral valve replacement with or without preservation of the chordae tendineae. 
Only patients who had severance of their chordal structures experienced a decrease in 
ejection fraction with surgery {asterisk indicates P < 0.05 between groups; dagger indicates 
P < 0.05 before vs after mitral valve replacement). In this study, chordal preservation 
resulted in decreases in both diastolic and systolic volumes, as well as a decrease in end- 
systolic wall stress. In contrast, chordal transection led to an increase in both end-systolic 
volume and wall stress. {Adapted from Rozich et al. [17].) 
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Figure 3-11. Diastolic dysfunction in mitral stenosis resulting 
primarily from the transvalvular gradient and subsequent 
pulmonary hypertension. Diminished cardiovascular performance 
has been associated with mitral stenosis. Liu et al. [18], using in 
vivo pressure-volume analysis, demonstrated that cardiovascular 
impairment in mitral stenosis may be attributable, in part, to 
reduced diastolic compliance. 

A, Comparison of the end-systolic pressure-volume relationship 
in normal subjects and patients with mitral stenosis. These rela- 
tionships were very similar except for a small shift to lower volumes 
in the mitral stenosis group. 



B, In contrast, the end-diastolic pressure-volume relationship (EDPVR) 
in patients with mitral stenosis demonstrates both a leftward shift to 
lower volumes and a slope increase indicative of reduced compliance. 

C, The effect of percutaneous balloon mitral valvuloplasty (PBMV) 
on the EDPVR in mitral stenosis was used to assess the mechanism 
of this increase in diastolic stiffness. Immediately after valvuloplasty, 
the slope of the EDPVR indicated increased compliance, suggesting 
that the thickened, immobile valve apparatus exerted a mechanical 
constraining effect. The chamber compliance increased even further 
at 3 months of follow-up, approaching normal values. LV — left 
ventricular. {Adapted from Liu et al. [18].) 



Idiopathic Dilated Cardiomyopathy 




Figure 3-12. Idiopathic dilated cardiomyopathy. Idiopathic dilated 
cardiomyopathy, a diagnosis of exclusion, is the second most 
common cause of heart failure in the United States, following 
ischemic heart disease {see Fig. 3-2B). Among patients who present 
with dilated cardiomyopathy, up to half have specific underlying 
etiologies, which in many cases are treatable. In addition, it is 
becoming apparent that many cases previously labeled “idiopathic” 
may actually reflect prior myocarditis or genetic disease. 

A, Gross appearance of the heart in idiopathic dilated cardio- 
myopathy. This condition leads to four-chamber dilatation and 



hypertrophy. In this example, focal anteroseptal apical wall 
thinning was a result of an infarct of embolic origin. The coronary 
arteries were free of obstructive narrowing. 

B, Magnetic resonance images of dilated cardiomyopathy in 
four-chamber {left) and short-axis {right) views. This imaging 
technique provides an excellent in vivo assessment of cardiac 
structure and function. Ao — aorta; LV — left ventricle; RV — right 
ventricle. (A courtesy of Frederick J. Schoen, Boston, MA; B courtesy 
o/Joachim Gaa and Robert Edelman, Boston, MA.) 
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Figure 3-13. Pathology of idiopathic dilated cardiomyopathy. 

A, Histologic architecture of normal myocardium, demonstrating 
parallel alignment of uniformly sized myocytes without 
significant fibrosis. B, In contrast, the myocardium from a patient 




with idiopathic dilated cardiomyopathy demonstrates myocyte 
hypertrophy with variability in myocyte size and enlargement of 
nuclei. There is significant deposition of fibrotic tissue in the 
inter stitium. (A courtesy of Evan Loh, Philadelphia, PA.) 



Inflammatory Diseases of the Myocardium 




Figure 3-14. Histologic diagnosis of myocarditis. The Dallas 
Criteria [19] were formulated by a panel of cardiac pathologists, 
and have led to standardization of the histologic diagnosis of 
myocarditis by endomyocardial biopsy. A, As defined by the 
Dallas Criteria, a diagnosis of myocarditis requires the presence of 
both inflammatory infiltrates and evidence of myocardial necrosis. 

B, Borderline myocarditis is defined as an inflammatory infiltrate 
without clear evidence of myocyte necrosis. These criteria were used 
as enrollment criteria in the Myocarditis Treatment Trial for the 
assessment of immunosuppressive therapy in patients with myo- 
carditis. Interestingly, the degree of inflammation or the presence 
of myocyte necrosis does not necessarily indicate the presence of viral 
infection or provide prognosis [20]. 




As shown in Figure. 3-16C, enteroviral infection may cause severe 
ventricular dysfunction without inflammation. Furthermore, 
myocardial inflammation with or without myocyte necrosis may 
occur in nonviral disease processes {see Fig. 3-22). Despite the 
limitation of sampling error, endomyocardial biopsy remains the 
gold standard for the diagnosis of myocarditis [21]. It is hoped that 
the application of molecular and immunologic assays of myocardial 
tissue will enhance the clinical value of endomyocardial biopsy in 
the future. When endomyocardial biopsy is performed in centers 
that have experience with the technique, the incidence of major 
complications that require intervention or lead to patient death 
is less than 1% [22,23]. {Courtesy o/H. Thomas Aretz for the Myo- 
carditis Treatment Trial, Boston, MA.) 
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Figure 3-15. In addition to the Dallas Criteria, immunohisto- 
chemical staining is valuable to characterize myocardial 
lymphocytic infiltration. Most human and animal myocarditis 
is characterized by infiltration with T cells that utilize the 
a-p T-cell receptor [24]. A, Immunohistochemical staining for 
T cells (general T-cell surface marker). B, CDS'^ T cells 
(cytotoxic/ suppressor T cells) obtained from a patient with 




Figure 3-16. Viral myocarditis. Myocarditis accounts for approx- 
imately 10 % of patients with new-onset congestive heart failure [3,25,26]. 
Enteroviruses of the Picomaviridae family have been implicated as the 
most common offending agents. Recent studies have implicated 
adenovirus as an additional myocarditis-causing virus that may affect 
both pediatric and adult patients [27]. 

Molecular techniques such as polymerase chain reaction ampli- 
fication [28] and in situ hybridization [29,30] have clearly demonstrated 
the presence of a viral genome in heart tissue from patients with acute 
myocarditis and in those with dilated cardiomyopathy, suggesting that 
viral myocarditis is a precursor to some cases of dilated cardiomyopathy. 
This finding may have therapeutic implications because elirninattng vird 
persistence within the heart leads to improved cardiac function [28]. 




chronic active myocarditis. CD 8 '^ T cells are commonly detected 
in human myocarditis. Immunohistochemical staining has the 
potential to play a role in distinguishing autoimmune from viral 
myocarditis because the former may be characterized by T cells 
that contain the 7-8 T-cell receptor as opposed to a-(3 T cells 
[24]. Immunopositive cells stain black. {Courtesy o/R. Hruban, 
Baltimore, MD.) 




myocardium of a patient with an 8 -year history of chronic dilated 
cardiomyopathy. The autoradiographic silver grains localize to 
distinct infected myocytes. Kandolf [30] found enteroviral 
infection in 17% of 47 patients with idiopathic cardiomyopathy. 

B, The typical pattern of enteroviral infection in an adult patient 
with recurrent myocarditis presenting with severe heart failure. 
The autoradiographic silver grains localize to individual 
myocytes. Mononuclear cellular infiltration lies adjacent to 
infected myocytes. 

{Continued on next page) 



THE ETIOLOGIC BASIS OF CONGESTIVE HEART FAILURE 

41 







Figure 3-16. Continued C, Early viral infection in a patient dying 
from fulminant heart failure. The high intensity of autoradiographic 
staining indicates a high copy number of replicating viral 
genomes. In this patient, there is relatively little cellular 
inflammatory response, indicating that cardiac dysfunction may 
ensue from viral infection in the absence of inflammation. 



D, Fulminant enteroviral infection with an inflammatory response 
in neonatal myocarditis. This section demonstrates extensive auto- 
radiographic staining, inflammatory infiltration, and progressic^n of 
infection from inflamed to noninflamed areas, suggestive of cell-to- 
cell spread of the virus. {A from Kandolf [29]; B to D from Kandolf 
[30]; with permission.) 



Figure 3-17. Ventricular chamber distortion in myocarditis. 
Myocarditis causes left ventricular enlargement and results in an 
increase in ventricular sphericity similar to that produced by postin- 
farction ventricular remodeling. Depicted are apical four-chamber 
echocardiograms from a patient with active myocarditis (A) and a 
patient with a normal ventricle (B). In comparison with the normal 



ventricle, the ventricle affected by myocarditis is dilated and more 
spherical. The ventricular width at the short axis (Sax) has increased 
relative to the length in the long axis (Lax). TV — left ventricle; 

RV — right ventricle. {Courtesy of Lisa Mendes for the Myocarditis 
Treatment Trial, Boston, MA.) 
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1 CLINICOPATHOLOGIC CLASSIFICATION OF MYOCARDITIS* 
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Figure 3-18. A clinicopathologic classification of myocarditis. 
Lieberman et al. [3] proposed a clinicopathologic description of 
myocarditis with four presentations that are analogous to 
those of viral hepatitis. This characterization was based on 
35 of 348 patients who underwent endomyocardial biopsy for 
evaluation of cardiac dysfunction. Fulminant myocarditis 
manifested as acute, severe congestive heart failure with a 
clear-cut flu-like prodrome and severe histologic evidence of 
inflammation and myocyte necrosis, leading to either death or 
complete recovery. This presentation may be associated with 
progressive myocardial damage caused by ongoing viral infection. 
Fulminant myocarditis patients have excellent long-term survival 
if they survive the index presentation [31]. 

Acute myocarditis was the most common presentation. Patients 
presented with minimally dilated hypokinetic ventricles with an 
indistinct onset of symptoms. Endomyocardial biopsy revealed 
either borderline (BMyo) or active (Myo) myocarditis. In this 



group, patients with BMyo responded to immunosuppressive 
therapy (prednisone and azathioprine) with improvement in 
ventricular function and regression of chamber dilatation [20]. 

As a group, however, patients with acute myocarditis tend to 
develop dilated cardiomyopathy [32] associated with increased 
mortality [31]. Patients who did not respond to therapy developed 
end-stage dilated cardiomyopathy (DCM). Chronic active 
myocarditis presented in a manner similar to active myocarditis. 
Patients experienced brief, dramatic but unsustained responses to 
immunosuppressive therapy and followed a slowly progressive 
course of deterioration to end-stage DCM. Initial histology 
revealed either borderline or active myocarditis, and subsequent 
biopsies demonstrated the appearance of giant cells and extensive 
fibrosis. Chronic persistent myocarditis was characterized by 
ongoing myocardial inflammation in the absence of significant 
ventricular dysfunction. Patients had symptoms of palpitations or 
atypical chest pain. {Adapted from Lieberman et al [3].) 





B 





Figure 3-19. {See Color Plate) Histologic 
images of myocarditis. A, Chronic active 
myocarditis with extensive lymphocytic 
infiltration, myocyte necrosis, and fibrosis; 
day 33 after presentation. B, Immuno- 
histochemical stain of myocardium for 
MTl (CD43), T-cell-associated antigen. 

C, Lymph node biopsy, revealing well- 
formed granulomas with central necrosis, 
day 34 after presentation. D, Ongoing 
inflammation with giant cell formation 
(arrow) seen in the explanted heart 
specimen, 21 months after presentation. 
{From Meininger et al. [34]; with 
permission.) 
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Figure 3-21. Giant-cell myocarditis and sarcoidosis. These two rare 
inflammatory diseases of the myocardium are distinguished by the 
presence of giant cells. A, Giant-cell myocarditis is characterized by 
lymphocytic infiltration, myocyte necrosis, and giant cells. Its course 
is slowly progressive yet insidious, and is often associated with 
ventricular arrhythmias or conduction system disease [3,36]. Giant- 
cell myocarditis has a very poor prognosis that may be improved by 
a cyclosporin-based immunosuppressive regimen or heart trans- 
plantation [37]. Rarely, giant-cell myocarditis may present as 
fulminant heart failure. 



Figure 3-20. Nuclear imaging in the diagnosis of myocarditis. 
Antimyosin ^^hn scintigraphy is a useful modality for the initial 
evaluation of patients with suspected myocarditis. This image 
depicts diffuse global uptake of radiolabeled antimyosin antibody 
by the left ventricle {large arrows) in an anterior planar image. The 
apical region has been relatively spared {small arrows). This patient 
presented with a syndrome masquerading as myocardial infarction 
with chest pain and elevations in creatine kinase MB isoenzymes. 
The left ventricle was dilated and hypocontractile. L denotes the 
normal hepatic activity of the labeled antibody. Compared with 
endomyocardial biopsy, antimyosin antibody imaging was 83% 
sensitive and 53% specific for the diagnosis of myocarditis [33]. 
{From Narula et al. [35]; with permission.) 




B, Section of left ventricular myocardium obtained at autopsy, 
demonstrating myocardial sarcoidosis. Myocardial sarcoidosis can 
be distinguished by the presence of true noncaseating granuloma 
within the myocardium. Approximately 5% of patients with 
sarcoidosis have clinically significant myocardial disease. However, 
involvement of the myocardium can be observed in 25% of autopsy 
cases [38]. The manifestations include cardiomyopathy, syncope, 
tachyarrhythmias, and sudden death. Patients may respond to 
corticosteroids and should be maintained on long-term, low-dose 
maintenance therapy [38]. (A courtesy o/ Frederick J. Schoen, Boston, 
MA; B courtesy o/Richard Mitchell, Boston, MA.) 
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SPECIFIC CLINICAL CONDITIONS ASSOCIATED 
WITH A HISTOLOGIC DIAGNOSIS OF 
MYOCARDITIS IN 60 PATIENTS 
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2(3) 


Restrictive cardiomyopathy 
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Figure 3-22. Hypersensitivity (eosinophilic) myocarditis. Some 
drugs, most commonly the sulfonamides, penicillins, and 
methyldopa, may cause an eosinophilic infiltration of the heart 
[38]. In addition, vaccines, notably against smallpox, are reported 
to also cause eosinophilic myocarditis [39]. Typically, patients 
with hypersensitivity myocarditis present with the symptoms 
of an allergic drug reaction {ie, rash, fever, and eosinophilia) 
accompanied by cardiac symptoms, tachycardia, and electro- 
cardiographic changes. Fulminant heart failure occurs rarely 
and is usually due to acute necrosis of the myocardium [40]. 

The presentation may also mimic myocardial infarction, with rises 
in creatine kinase MB fraction. Diagnosis can be achieved by 
endomyocardial biopsy, and management should include 
withdrawal of the offending medication and consideration of 
corticosteroid therapy. {Courtesy o/Evan Loh, Philadelphia, PA.) 



Figure 3-23. The histologic prevalence of inflammatory heart 
disease in specific cardiomyopathies. Myocardial inflammation may 
play an important pathophysiologic role in several cardiomyopathic 
processes [41]. Felker et ah [42] noted myocarditis in 78% of patients 
with peripartum cardiomyopathy. Furthermore, enteroviral RNA 
has been identified by the polymerase chain reaction in some 
patients with peripartum cardiomyopathy, indicating a viral 
etiology [43]. Myocarditis is also observed in patients who present 
primarily with arrhythmia or restrictive cardiomyopathy and in 
those with a history of drug exposure, endocrinopathy or a familial 
predisposition to cardiomyopathy [41]. Myocarditis also plays a 
role in heart failure associated with rheumatologic illnesses, the 
prototype being systemic lupus erythematosus (SEE) [43,44]. The 
most common cardiovascular manifestations of SEE include peri- 
carditis (affecting 19% to 49% of patients) and Eiebman-Sacks 
endocarditis. Approximately 10% of patients with SEE develop 
congestive heart failure, and 50% of these have myocarditis. Patients 
with SEE are also at increased risk for myocardial infarction on the 
basis of accelerated atherosclerosis or coronary arteritis, which may 
lead to the development of congestive heart failure. EE — ejection 
fraction. {Adapted from Herskowitz et al [45].) 




Figure 3-24. Detection of the spirochete Borrelia burgdorferi {arrow) in human myocardium 
(modified Steiner's silver stain). Eyme disease, a multisystem disorder caused by 
infection with B. burgdorferi, produces cardiac disease, notably arrhythmias and 
myocarditis, as a tertiary manifestation [45]. This infection is transmitted to humans 
from bites of ticks of the genus Ixodes. Here the spirochete is demonstrated in 
myocardium from a patient with a 4-year history of dilated cardiomyopathy and a 
serologic profile consistent with chronic Eyme disease. Despite therapy with ceftriaxone, 
the patient did not experience improvement in cardiac function. {From Stanek et al. [46]; 
with permission.) 
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Figure 3-25. American trypanosomiasis (Chagas' disease). The 
most common infection of the heart worldwide is Chagas' 
disease, caused by the protozoan parasite Trypanosoma criizi, 
which is spread by reduviid insects [47]. Infection with T. criizi 
is endemic in Latin America and is now increasingly observed in 
the United States. Acute Chagas' disease is characterized by the 
systemic spread of the parasites to muscle, including myo- 
cardium. Two drugs, benznidazole and nifurtimox, shorten the 
acute phase of T. criizi infection but achieve a cure in only 50% of 



patients. A, T. cnizi isolated from the blood of a patient with 
Chagas' disease. The trypomastigote is shown in mouse blood 
(Giemsa stain, X 2000). B, Histopathology of acute Chagas' 
myocarditis with a mononuclear infiltration. The arrows denote 
myocytes containing amastigote forms of the parasites 
(hematoxylin and eosin, X 360). C, High magnification of an 
infected myocyte (hematoxylin and eosin, X 900). F — flagellum; 
K — kinetoplast of amastigotes; N — nucleus. {From Kirchhoff 
[47]; with permission.) 




Figure 3-26. Chronic Chagas' disease. Patients chronically 
infected with Trypmnosoma criizi develop manifestations over a 
period of one to three decades [48]. Cardiac involvement is most 
common and manifests as biventricular enlargement, thinning of 
the ventricular walls, apical aneurysms (arrozvs), and mural 
thrombi. Clinically, patients experience heart failure, arrythmias, 
thromboembolic events, and sudden death. The prognosis of 
patients with Chagas' cardiomyopathy is worse than that of 
patients with idiopathic dilated cardiomyopathy [49]. Cardiac 
transplantation has often been followed by recurrence of T. criizi 
infection [46]. Depicted is a four-chamber echocardiogram 
showing two left ventricular apical aneurysms, which are charac- 
teristic of chronic Chagas' disease [48,49]. 
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Secondary Causes of Cardiomyopathy 
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Figure 3-27. The chain of events by which thyrotoxicosis produces high-output cardiac 
failure. Excess circulating thyroxine influences both the vasculature and the heart, thereby 
affecting both cardiac loading conditions and intrinsic cardiac function. Peripherally, thyro- 
toxicosis increases total blood volume (TBV), which increases preload, and decreases 
systemic vascular resistance (SVR), which decreases afterload. Thyroxine influences cardiac 
function by enhancing heart rate, increasing ventricular contractility, and lengthening 
diastolic relaxation. Therefore, baseline increases in cardiac performance associated with an 



increased volume load limit contractile 
reserve and may lead to heart failure and 
cardiac dilatation in about 6% of patients. 

Risk factors for the development of 
congestive heart failure include age greater 
than 60 years and pre-existing cardiac 
disease. A higher percentage of thyrotoxic 
patients also suffer from atrial fibrillation. 
Both congestive heart failure and atrial 
arrhythmias may respond favorably to 
treatment of hyperthyroidism. 

Hypothyroidism also may produce dilated 
cardiomyopathy, which is reversible with 
therapy. Ladenson et al [50] described a 
patient who experienced significant 
improvement in cardiac function during 
treatment for hypothyroidism. The clinical 
improvement was associated with reversal of 
several molecular abnormalities associated 
with dilated cardiomyopathy (increased 
atrial natriuretic factor [ANF] and decreased 
a-myosin heavy chain and phospholamban). 
This case emphasizes that detection and 
treatment of thyroid, adrenal, and hypo- 
thalamic diseases in the patient with new- 
onset heart failure may lead to complete 
recovery of cardiac function. Solid arrows 
indicate direct effects; dashed arrows indicate 
potential consequences. CO — cardiac output; 
LVEDV — left ventricular end-diastolic 
volume; LVESV — left ventricular end- 
systolic volume; SV — stroke volume. 

{Adapted from Woeber [51].) 
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Figure 3 - 28 . Reversal of dilated cardiomyopathy in pheochro- 
mocytoma. Several case reports document the development of 
dilated cardiomyopathy in patients with high levels of circulating 
catecholamines caused by pheochromocytoma [52-54]. A potential 
explanation for the pathophysiology of this lesion is that 
chronic adrenergic stimulation produces excessive activation 
of sarcolemmal calcium channels, increased cytosolic calcium, 
or accumulation of free radicals. Both increased calcium and free 
radicals may have toxic effects on the myocardium. Histologically, 
this lesion is characterized by myocyte vacuolization. Illustrated 
is the clinical course of a 12-year-old girl with pheochromocytoma 
and biventricular heart failure (initial ejection fraction, 27%). The 
patient was treated with a-methylparatyrosine and phenoxy- 
benzamine before surgical resection of the tumor. Six months after 
surgery she had recovered normal ventricular size and function. 
MN — metanephrine; VMA — vanillylmandelic acid. {Adapted from 
Imperato-McGinley H al. [53].) 
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RHEUMATOLOGIC CAUSES 




Figure 3-29. Necrotizing angiitis of a small intramural coronary 
artery in a patient with polyarteritis nodosa. Polyarteritis is a 
rare condition (incidence 6.3 in 100,00) that primarily affects the 
arteries of the kidney, peripheral nerves, skin, and abdominal 
viscera. Inflammation of the small branches of the coronary arteries 
represents a rare cause of cardiac microvascular disease and may 
produce myocardial infarction (often silent) and congestive heart 
failure. Depicted are sections of a right ventricular endomyo- 



A 



Figure 3-30. Myocardial involvement in systemic sclerosis. Micro- 
vascular vasoconstrictor abnormalities leading to myocardial fibrosis 
and left ventricular dysfunction are the hallmarks of scleroderma 
heart disease. The extent of myocardial fibrosis and contraction band 
necrosis predict the degree of left ventricular dysfunction [56]. 

A, Microinfarction with coagulation necrosis in the myocardium of 
a patient with systemic sclerosis (modified Masson's trichrome). The 
pathophysiology of the ischemic lesions appears to be microvascular 
disease similar to that observed in Raynaud's phenomenon [57]. 
Cardiac ischemia can be elicited by exposing patients with scleroder- 
ma to peripheral cold and detected as reversible thallium defects or 




cardial biopsy specimen from a patient with polyarteritis 
nodosa, chest pain, an inferoposterior thallium perfusion 
abnormality, and normal epicardial coronary arteries. 

A, A small intramural artery is surrounded with fibrinoid 
degeneration and cellular infiltration (hematoxylin and eosin, 
X 132). B, There is patchy destruction of the internal elastic 
membrane (elastica-van Gieson stain, X 132). {From Sugihara 
et al. [55]; with permission.) 




transient segmental wall-motion abnormalities by echocardiography 
[57]. Kahan et ah [58] also have described impaired coronary flow 
reserve in response to dipyridamole in patients with systemic sclerosis. 

B, Thallium scintigrams obtained from a patient with scleroderma 
obtained immediately after immersion of the patient's hand in ice 
water for 2 minutes (left) and after 3 hours of redistribution {right). 
Images were obtained in the 40° left anterior oblique view and 
demonstrate a septal and inferoapical perfusion defect {arrows) 
that completely resolved with redistribution. (A courtesy of 
Richard Mitchell, Boston, MA; Bfrom Alexander et ah [57]; 
with permission.) 
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TOXIC AND METABOLIC CAUSES 
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Figure 3-31. The toxic effects of alcohol consumption on cardiac 
function. Alcohol consumption has been implicated as an etiologic 



factor in approximately 5% of patients with nonischemic cardio- 
myopathy {see Fig. 3-2B). Urbano-Marquez et al [59] have shown that 
fully one third of chronic alcoholics have cardiac dysfunction and 
that ethanol produces dose-related cardiac toxicity. A, Comparison of 
ejection fractions obtained by radionuclide ventriculography in 20 
control subjects and 46 asymptomatic alcoholics in an outpatient 
rehabilitation program. The mean ejection fraction was 67% in the 
control subjects versus 59To in the alcoholic patients (P < 0.001). 

B, Correlation between total lifetime consumption of ethanol 
and left ventricular (LV) ejection fraction in 52 patients with 
alcoholism. In these patients, total lifetime consumption of alcohol 
was also positively correlated with LV mass (data not shown). 

Both relationships suggest a dose-related response to injury. 

Histologically, patients with alcoholic cardiomyopathy have 
changes indistinguishable from those of idiopathic cardio- 
myopathy, with interstitial and replacement fibrosis and myocyte 
hypertrophy. Alcoholics with early mild cardiac dysfunction may 
experience significant normalization in cardiac function if they 
abstain from alcohol consumption. {Adapted from Urbano- 
Marquez et al. [59].) 





Figure 3-32. The potential mechanisms by 
which cocaine may produce cardiotoxicity 
and left ventricular (LV) dysfunction [60]. 

A, Cocaine, by inhibiting presynaptic 
reuptake of catecholamines, leads to 
increased (3- and a-adrenergic stimulation. 
The former leads to increased heart rate and 
contractility and therefore to increased 
myocardial oxygen consumption. Increased 
a-adrenergic stimulation, however, causes 
rises in blood pressure and coronary vaso- 
constriction, thereby decreasing oxygen 
delivery to the myocardium. The imbalance 
contributes to ischemia and possibly myo- 
cardial infarction. A second mechanism, that 
of decreased sodium transport leading to 
membrane stabilization or local anesthesia 
(a type I antiarrhythmic effect), may produce 
a negative inotropic effect that exceeds the 
positive inotropic effect of (3-adrenergic 
stimulation. A third potential mechanism of 
LV dysfunction is that of hypersensitivity 
and myocarditis {see Fig. 3-22). Arrhythmias, 
QT and QRS prolongation, and sudden 
death occur due to LV dysfunction as well as to the direct type la 
effects of cocaine on the membrane. B, Histologic section obtained 
from a patient with dilated cardiomyopathy and chronic cocaine 
abuse. The section reveals replacement fibrosis, which may be a 
consequence of ischemia and microinfarction. (A adapted from Kloner 
et al [60]; B courtesi/ ofR. Hruban, Baltimore, MD.) 
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Figure 3-33. Anthracycline cardiomyopathy. Survivors of childhood 
malignancy represent one of the largest new groups of patients at risk 
for premature cardiovascular disease. Significant clinical cardio- 
toxicity occurs in 5% to 10% of long-term survivors of childhood 
cancer treated with anthracy dines [61]. The anthracyclines 
doxorubicin and daunorubicin, widely used as chemotherapeutic 
agents, produce dose-related cardiotoxicity. It is likely that 
doxorubicin treatment impairs myocardial growth and leads to 
inadequate myocardial development. A, The cumulative probability 
of developing doxorubicin-induced congestive heart failure as a 
reflection of total cumulative dose in 3941 patients, 88 of whom 
experienced heart failure. B, Histologic changes characteristic of 
adriamycin cardiotoxicity. Light microscopic section showing charac- 
teristic myofibril loss and vacuolar degeneration (arrow). Hematoxylin 
and eosin, X 400. C, Electron microscopic image demonstrating 
extensive loss of myofilaments (large arrows). Normal, unaffected 
myocytes are also seen (small arrows). Original magnification, 

X 2800. (B and Cfrom Shan et ah [62]; with permission.) 




Figure 3-34. Left ventricular dysfunction secondary to hypocalcemia. M-mode echocar- 
diograms from a patient with hypocalcemia before (A) and after (B) calcium repletion. 
Calcium exerts a fundamental regulatory role on cardiac contraction. Experiment- 



ally, the level of extracellular ionized 
calcium can be shown to correlate with the 
contractile state of the heart. Clinically, 
patients with persistent hypocalcemia 
may develop a reversible dilated cardio- 
myopathy. Shown is the echocardiogram of 
a patient with chronic renal insufficiency, 
previous subtotal parathyroidectomy, and 
persistent hypocalcemia. Chronic repletion 
of calcium with intravenous ionized 
calcium led to significant improvement of 
hemodynamics and partial resolution of 
cardiac dilatation over a 6-month period. 
LVED — left ventricular end-diastolic 
dimension. (From Feldman et ah [63]; 
with permission.) 
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MYOCARDIAL DISEASE IN THE MAJOR HEREDOFAMILIAL NEUROMYOPATHIC DISORDERS 
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Figure 3-35. Myocardial disease in the major heredofamilial 
neuromyopathic disorders [64]. Shown are the major heredofamilial 
neuromyopathic disorders and their mode of inheritance. Also 
shown are the types of cardiomyopathic processes associated with 



these disorders, and whether arrhythmias or conduction system 
disease contribute to cardiovascular morbidity. AD — autosomal 
dominant; AP — atrial paralysis; AR — autosomal recessive; DCM 
dilated cardiomyopathy; HCM — hypertrophic cardiomyopathy. 
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Figure 3-36. Neuromuscular disorders associated with cardio- 
myopathy and mutations in the dystrophin gene. The dystrophin 
gene, spanning more than 2.3 million base pairs, is the largest 
mammalian gene. It codes for a cytoskeletal protein found in 
both striated and cardiac myocytes. Mutations of this gene cause 
both Duchenne and Becker muscular dystrophy. The former is 
associated with the complete absence of dystrophin, which 
results from an out-of-frame intragenic deletion producing a stop 
codon in the downstream sequence. In contrast, Becker muscular 
dystrophy results from an in-frame deletion in which only a part 
of the coding sequence is absent. Cardiac involvement has been 
noted in more than 80% of patients with Duchenne dystrophy 
and in approximately 50% of patients with Becker dystrophy. 

A, The dystrophin gene: exons are indicated by vertical bars, and 
arrowheads mark the sites where deletion breakpoints occur most 
often in Duchenne and Becker dystrophy. Melacini et al [65] 
described an association between cardiac involvement and 



intragenic deletions that include exons 48 and 49 in patients with 
Becker dystrophy. The finding that patients with deletions only in 
exon 48 have no cardiac involvement has led to the hypothesis 
that a myocardium-specific transcript exists whose 5' end is 
located within intron 48. Deletion of this sequence could be 
crucial in the development of cardiomyopathy in patients 
with muscular dystrophy. 

B, The 14-kb dystrophin mRNA with exon numbers indicated 
and its corresponding protein product. Several domains of the 
protein are indicated: NH 2 (amino-terminal) domain, actin-binding 
domain, central-rod domain, cysteinerich domain, and COOH 
(carboxy- terminal) domain. Using antibodies to various locations 
of the protein (inset), Western blotting can be used to demonstrate 
the abnormal lower molecular weight protein (lane 3380 kD) in a 
patient with Becker muscular dystrophy compared to the normal 
400-kD dystrophin protein in lanes 1, 2, 4, and 5. (Adapted from 
Melacini et al [65].) 
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Figure 3-37. Dystrophin mutations in X-linked cardiomyopathies. 
Genetics may play a significant role in the etiology of idiopathic 
dilated cardiomyopathy (DCM) in the absence of neuromyopathic 
findings [66]. In 1987, Berko and Swift [67] reported a large 
kindred in which a progressive cardiomyopathy observed in 
teenage boys was irJierited as an X-linked trait. Because both 



Duchenne and Becker muscular dystrophy have an X-linked 
pattern of inheritance, the intriguing possibility was raised that 
X-linked DCM was due to similar genetic abnormalities. Two 
studies in 1993 have now confirmed the association of X-linked 
DCM with mutations in the dystrophin gene [68] or its promoter 
region [68]. This figure shows the 5' end of the dystrophin gene. 
Muntoni et al. [69] used the polymerase chain reaction (PCR) 
to detect the presence of three polymorphic microsatellite loci 
(DYS-IIl, DYSMSB, and DYSMSA) in a kindred of patients with 
X-linked DCM. The bars beneath these regions indicate the 
fragments subject to PCR analysis. The letters A, B, C, and D above 
the bars correspond to the regions for which the PCR amplification 
was performed. The plus and minus signs indicate the presence or 
absence of the region in affected individuals, respectively. The 
approximate extent of the deletion is indicated at the bottom of 
the figure. These data indicate that X-linked cardiomyopathy is 
associated with a deletion of the muscle promoter and the first 
exon of the dystrophin gene, and imply that expression of 
dystrophin must be driven by the brain promoter (PMg). 

PMj^ — muscle promoter; Ig — first brain exon; — first muscle 

exon. {Adapted from Muntoni et al [69].) 



Figure 3-38. The Keams-Sayre syndrome and mitochondrial cardiomyopathies. Dilated 
cardiomyopathy (DCM) is rarely associated with mitochondrial skeletal myopathies [70]. 
Keams-Sayre syndrome is a rare mitochondrial myopathy characterized by ptosis, chronic 
progressive external ophthalmoplegia, abnormal retinal pigmentation, and conduction system 
abnormalities. Fewer than 20% of patients have cardiac involvement manifesting either as 
conduction system disease or cardiomyopathy. The genetics of mitochondrial cardiomy- 
opathies have recently been elucidated; both mutations and deletions in the mitochondrial 
DNA have been associated with DCM [71,72]. A, The typical “salt and pepper” retinal 
pigmentation of Keams-Sayre syndrome. B, Electron microscopic sections of normal and 
abnormal cardiac mitochondria from patients with Keams-Sayre syndrome. Panel I 
. demonstrates the appearance of normal mitochondria with closely packed cristae and 

. granules. Panels II to IV depict mitochondrial abnormalities, with huge mitochondria with 

. ^ concentric cristae {panel II), enlarged mitochondria with transverse cristae {panel III), and 

small vacuolized mitochondria {panel IV). These abnormalities were found in seven of nine 
patients with Keams-Sayre syndrome, demonstrating that a mitochondrial cardiomyopathy 
is part of this condition. (A courtesy o/Tatsuo Flirose and Paul Arrigg; Schwartzkopff 

et al [73]; with permission.) 
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B. DOMINANT AND X-LINKED DILATED CARDIOMYOPATHY LOCI 
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Figure 3-39. The genetics of dilated cardiomyopathy. Familial inheritance has been implicated 
in 20% to 35% of cases of dilated cardiomyopathy [74]. This figure may underestimate the true 
prevalence of inherited disorders, as apparently spontaneous cases may arise from de novo 



mutations. Additionally, incomplete 
penetrance, age-dependent phenotype, and 
small families also limit recognition of 
genetically determined cardiomyopathy 

A, Genes implicated in familial cardio- 
myopathy encode cellular structural 
proteins, contractile proteins, nuclear 
envelope proteins, and as-yet-unidentified 
products. Alterations in cytoskeletal 
elements may lead to ineffective force 
transmission whereas abnormal sarcomeric 
elements may disrupt force generation. 
Other structural proteins participate in 
organizing the contractile apparatus and 
maintaining myocyte structural integrity. 

For example, the actin cytoskeleton is linked 
to the extracellular matrix by dystrophin 
and the dystrophin-associated glycoprotein 
complex. Mutations in dystrophin and other 
members of the dystrophin-associated 
glycoprotein complex (the sarcoglycans) 
have been shown to produce dilated 
cardiomyopathy in humans. Other 
subcellular components that interact with 
these proteins are prime candidates for the 
responsible proteins whose genes are in 
linked genomic intervals. Mutations in the 
sarcomeric proteins depicted can also cause 
hypertrophic cardiomyopathy (HCM). The 
mechanism by which mutations in the 
nuclear envelope proteins cause Duchenne 
muscular dystrophy (DCM) is unknown. 

B, Published genomic loci linked to familial 
dilated cardiomyopathy. The table lists the 
known genes and loci that are linked to this 
disorder with both autosomal dominant 
(most common) and X-linked patterns of 
inheritance. Phenotypic features other than 
ventricular enlargement and systolic 
dysfunction are also described if present. 
The syndromes are named according to 
their Online Mendelian Inheritance in Man 
(OMIM) designation. As shown, approx- 
imately one half of familial dilated 
cardiomyopathy gene loci have as yet 
unidentified gene-products [74]. With at 
least 20 described loci, it is estimated that 
additional loci will be discovered as the 
search continues. BDS — Blackfan-Diamond 
syndrome; BMD — Becker muscular 
dystrophy; CMD — cardiomyopathy, dilated; 
EDMD — Emery-Dreifuss muscular 
dystrophy; LGMD — limb-girdle muscular 
dystrophy; MHC — myosin heavy chain; 
MVP — mitral valve prolapse; SVT — 
supraventricular tachycardia. {Courtesif of 
Daniel Judge, Baltimore, MD.) 
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Infiltrative/Restrictive Cardiomyopathies 




Figure 3-40. (See Color Plate) Myocardial iron deposition from 
hemochromatosis. Hemochromatosis is an inherited HLA-linked 
disorder of iron metabolism that results in iron deposition within 
parenchymal cells of the heart, liver, pancreas, synovium, and 
various endocrine glands, including the thyroid, parathyroid, and 
anterior pituitary Infiltration of the heart produces a classic dilated 
cardiomyopathy. Early diagnosis is essential, as periodic 
venesection can prevent or reduce iron deposition. Iron depletion 
from the heart may not reverse cardiac dysfunction after a certain 
threshold of myocyte damage has been reached [75]. Iron loading 
from repeated blood transfusions can also produce iron deposition 
in parenchymal disease; patients with anemias associated with 



erythroid marrow hyperplasia and ineffective erythropoiesis are 
predisposed to iron deposition with transfusion. 

A, The heart of a patient with hemochromatosis, demonstrating 
four-chamber hypertrophy and dilatation (heart weight, 500 g). 
The patient had received left and right ventricular assist devices 
for advanced heart failure. Shown is the left ventricular apical 
insertion site of a left ventricular assist device. 

B, Microscopic section of myocardium from a patient with 
hemochromatosis, stained for iron with Prussian blue. The 
extensive hemosiderin deposits within the myocytes stain blue. 
(A courtesy o/Richard Mitchell, Boston, MA; B courtesy o/Ralph 
Hruben, Baltimore, MD.) 




Figure 3-41. Neoplastic infiltration of the heart with metastatic 
melanoma. Tumor invasion of the heart is a rare cause of 
congestive heart failure. Flipse et al. [76] reported on a series of 
seven patients over a 7-year period in whom malignant neoplasms 
of the heart were diagnosed during life by endomyocardial biopsy. 
The important differential diagnosis to be considered in patients 
with known neoplasia is that of cardiac toxicity induced by 
treatment with anthracycline-based chemotherapy {see Fig. 3-32) or 
mediastinal radiation. {Courtesy o/Richard Mitchell, Boston, MA.) 
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Figure 3-42. {See Color Plate) Cardiac amyloidosis. Amyloidosis 
is a condition in which tissue atrophy and necrosis result from 
deposition of insoluble protein fibrils. Although different proteins 
have the potential to deposit as amyloid, their common feature is 
the ability to form a specific molecular configuration, that of the 
p sheet. Cardiac amyloidosis may develop from the deposition of 

1) proteins of immunologic origin, usually variable (k or X) 
immunoglobulin light chains, also known as Bence-Jones proteins 
(associated with multiple myeloma and primary amyloidosis); 

2) abnormal transthyretin protein (familial amyloidosis); or 3) pre- 
albumin (senile cardiac amyloidosis). Amyloid deposition may 
result in either dilated, restrictive, or hypertrophic-like cardio- 



myopathy. Survival of patients with familial amyloidosis is 
significantly better than that of patients with light chain 
amyloidosis, which warrants distinguishing these two etiologies 
by identifying the abnormal protein with immunohistochemistry or 
electrophoresis in the heart, bone marrow, serum, or urine [77]. 
Digitalis, calcium channel blockers, and p-blocking drugs are 
contraindicated in amyloidosis. A, Histologic section from myo- 
cardium of a patient with senile amyloidosis, revealing scattered 
viable myocytes surrounded by a pale, hazy material, which 
represents the amyloid deposition (hematoxylin and eosin). 

B, Amyloid can be histologically identified by a characteristic green 
birefringence when viewed under polarized light (Sirius red). 




Figure 3-43. Echocardiographic features of restrictive cardiomyopathy. Apical four-chamber 
echocardiogram obtained from an 82-year-old man with progressive right heart failure. The 
notable features include thickened ventricular walls {lozvcr arrows) with normal cavity sizes. 
There is biatrial enlargement {upper arrows), which develops to compensate for the restriction 
to filling. At cardiac catheterization the patient had equalization of the right atrial, right 
ventricular diastolic, pulmonary diastolic, and pulmonary arterial wedge pressures. 
Endomyocardial biopsy revealed cardiac amyloidosis. 
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Hypertrophic Cardiomyopathy 




Figure 3-44. (See Color Plate) Hypertrophic cardiomyopathy. Familial hypertrophic 
cardiomyopathy is inherited as an autosomal-dominant trait. It causes hypertrophy of the 
ventricular walls in association with myofiber disarray. The genetic etiology of this 
condition has been linked to mutations in the cardiac p-myosin heavy chain gene [78]. The 
two most important clinical manifestations of hypertrophic cardiomyopathy are heart 
failure and sudden death. The development of heart failure is a consequence of increased 
chamber stiffness and diastolic dysfunction. 

A, Gross appearance of hypertrophic cardiomyopathy. Although several different 
distributions of left ventricular hypertrophy exist, the most common is that of asymmetric 
septal hypertrophy. A characteristic fibrous plaque can be seen at the base of the septum in 
proximity to the anterior mitral leaflet, which probably results from systolic contact between 
the mitral valve and the septum. This interaction manifests on echocardiography as systolic 
anterior motion. B, Myocardial histology in hypertrophic cardiomyopathy. The characteristic 
appearance is that of bizarre and disordered myocardial architecture (hematoxylin and eosin). 
C, Myocardial fibrosis in hypertrophic cardiomyopathy (Masson's trichrome). (Courtesy of 
Frederick J. Schoen, Boston, MA.) 
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Figure 3-45. The genetics of hypertrophic 
cardiomyopathy. Hypertrophic cardio- 
myopathy may be caused by mutations 
affecting components of the myocardial 
contractile apparatus, thereby impairing 
myosin-actin interactions responsible for 
the generation of force. Mutations in four 
genes encoding proteins of the cardiac 
sarcomere have been implicated as causing 
hypertrophic cardiomyopathy. Mutations 
have been found in the genes for p-myosin 
heavy chain; cardiac troponin T, a-tropo- 
myosin; and myosin-binding protein C 
genes. Percentages represent the estimated 
frequency with which a mutation on the 
corresponding gene causes hypertrophic 
cardiomyopathy. (Adapted from Spirito [78].) 
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Figure 3-46. Acquired hypertrophic cardiomyopathy of the elderly Hypertrophic 
cardiomyopathy of the elderly is a form of heart muscle disease that manifests in mid to 
late adulthood, and is characterized by concentric remodeling (defined as increased 



chamber wall thickness combined with 
reduced chamber size), hypercontractility, 
and diastolic dysfunction [79]. This form 
of cardiomyopathy is often associated 
with hypertension, but with variable 
penetrance, and carries substantial 
morbidity and increased mortality in 
elderly individuals. Recent animal models 
(combined deletion of both endothelial 
and neuronal nitric oxide synthase [80]) 
suggest that a genetic component may 
contribute to the pathogenesis of this 
disorder. Depicted are substernal echo- 
cardiographic views of a patient with 
acquired hypertrophic cardiomyopathy in 
diastole (A) and systole (B). As shown, 
there is massive concentric hypertrophy 
and cavity obliteration in systole. 



Right Ventricular Cardiomyopathy 





Figure 3-47. {See Color Plate) Arrhythmogenic right ventricular 
dysplasia. Arrhythmogenic right ventricular dysplasia is an isolated 
right ventricular cardiomyopathy characterized by extensive 
fibrotic and adipose infiltration of the right ventricular free wall. 
Approximately one third of patients have an autosomal dominant 
inheritance. Clinically there is a male predominance, symptoms of 
palpitations and syncope, a risk of sudden death often associated 



with ventricular fibrillation, and right ventricular dyskinesis. A, 
Explanted heart of a patient with right ventricular dysplasia. The 
right ventricle is markedly dilated, infiltrated with adipose tissue, 
and has a very thin rim of myocardial tissue. B, Histologic section 
through the right ventricular apex, showing regions of fibrosis, 
adipose infiltration, and myocardial thinning (Mason's trichrome). 
{Courtesy ofG. Winters, Boston, MA.) 
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Molecular and Cellular Events 
IN Myocardial Hypertrophy 
AND Failure 

Douglas B, Sawyer 
and Wilson S. Coined 

Whereas cardiac failure was once thought to be a static condition reflecting 
a damaged myocardium> it is now apparent that it reflects a dynamic process 
involving the continuous structural and functional reorganization, or 
remodeling, of the heart in response to environmental stresses and stimuli. The 
fundamental events that lead to cardiac remodeling occur at the molecular and 
cellular level in both the myocytes and the nonmyocyte cells of the heart. 
Observations made in failing human myocardium and in myocardium from 
animals with hypertrophy or failure suggest that there are multiple molecular 
and cellular alterations involving the excitation-contraction prcxress, contractile 
and regulatory proteins, growth factors, and signaling pathways. A variety of 
stimuli that may be responsible for these alterations have been identified, 
including mechanical wall stresses, hormones, neuro transmitters, and peptide 
growth factors. Genetic manipulations in small animal models are refining 
our understanding of the stimuli and molecular events that lead to progression 
of heart failure* Although much remains to be learned about how these 
stimuli interact with signaling pathways to regulate the remodeling of the 
myocardium, it is now apparent that these events have an important impact on 
the clinical course of the patient and may offer new approaches to the 
prevention and treatment of myocardial failure. 

As our understanding of the basic molecular and cellular biology of 
myocardial hypertrophy and failure advances, it is likely that additional new 
diagnostic and therapeutic approaches will emerge. For example, the ability to 
assess the ^'molecular status" of the myocardium may allow better tracking 
of disease progression, earlier detection of asymptomatic patients, improved 
prognostication, and the design of therapeutic regimens tailored at the 
molecular level. New classes of therapeutic agents will emerge. Drugs that 
block cytokine or growth factor receptors already exist, and these offer exciting 
prospects that may be evaluated in the near future. Finally, it is already 
reasonable to speculate that progress in our understanding of the regulation of 
cardiac gene expression will lead to the development of molecular therapies 
(eg, utilizing the transfer of genes or gene silencing vectors) aimed at pre- 
venting or reversing fundamental abnormalities that occur at the molecular 
and cellular level. 
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Figure 4-1. Remodeling stimuli. Chronic hemodynamic stimuli 
such as pressure and volume overload lead to ventricular 
remodeling through increases in myocardial wall stress, 
cytokines, signaling peptides, neuroendocrine signals, and, 
perhaps, oxidative stress. The myocardium responds with 
adaptive as well as maladaptive changes. Myocyte hypertrophy 
and changes in interstitial matrix might at first normalize the wall 
stress but these occur at the expense of ventricular compliance. 
Re-expression of fetal contractile proteins and calcium handling 
proteins may contribute to impaired contraction and relaxation. 
Myocytes unable to adapt might be triggered to undergo 
programmed cell death (apoptosis). The net result of these changes 
is further impairment in pump function and increased wall stress, 
thus completing a vicious cycle that leads to further progression of 
the myocardial dysfunction. 
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Figure 4-2. Signaling pathways in myocardial remodeling. Many 
signaling pathways have the potential to regulate the growth of 
cardiac cells acting through an increasingly complex network of 
intracellular signaling cascades. Agonists for a-adrenergic, 
angiotensin, and endothelin receptors couple to phospholipase C 
(PTC) and calcium influx channels (CC) by way of G-proteins 
(Gx and Gy). Activation of PLC results in the generation of two 
second messengers, inositol triphosphate (IP 3 ) and diacylglycerol 
(DAG). IP3 causes the release of calcium from intracellular stores, 
and DAG activates protein kinase C (PKC). Changes in intra- 
cellular calcium stores can activate calcium-calmodulin- 
dependent kinases (CaCMK), as well as calcineurin, which can 
affect gene expression in multiple ways. PKC can affect gene 
expression directly or indirectly by its effects on Na^-H^ exchange 
(to regulate cellular pH) or by activating mitogen-activated protein 
kinase (MAPK) cascades. Histone deacetylase complexes (HDACs) 
are emerging as important negative regulators of genes involved 
in cardiac hypertrophy. 

Cytokines and peptide growth factors can be elaborated by 
various cells within the heart and may act in an autocrine or 
paracrine manner. These growth factors activate cellular receptors 
that usually possess tyrosine kinase (TK) activity and are coupled 
to a cascade of protein kinases (ras, Raf, MAPKK, MAPK). 
Mechanical deformation of cardiac myocytes through matrix- 
integrin interactions can lead to activation or modulation of 
several signaling pathways, at least in part through autocrine 
action of released agonists such as angiotensin. Both nitric oxide 
and oxidative stress may be induced after stimulation of signaling 
pathways and modulate the activity of kinase cascades and tran- 
scription factors leading to alterations in contractile phenotype, 
growth, and death in myocytes. 
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Molecular and Cellular Phenotypes 



MYOCYTE HYPERTROPHY 




Figure 4-3. Isolated cardiac myocytes obtained from mice, 
showing cellular hypertrophy. A, Myocyte from the left ventricle 
of the normal mouse heart. B, Hypertrophied myocyte from the 
left ventricle of a mouse 6 months after myocardial infarction, 
viewed at the same magnification as in A. In the myocyte from 



the failing heart, there has been series addition of sarcomeres, 
which are otherwise organized in a normal pattern. The 
resulting myocyte elongation, a form of hypertrophy, likely 
contributes to ventricular dilatation that occurs during 
myocardial remodeling. 
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Figure 4-4. Although the sarcomeres in remodeled myocardium retain a normal gross 
morphologic appearance, the expression of several functionally important proteins is 
altered. Characteristics of the ventricular remodeling response to hemodynamic overload 
include reexpression of fetal genes that are not normally present in adult myocardium 
and reduced expression of several muscle-specific adult genes. Shown is a Northern blot 
illustrating mRNA levels for several proteins in human ventricular myocardium from a 
normal adult {center lane), fetal tissue (Fetus) and from two patients with congestive heart 
failure (CHF), one due to dilated cardiomyopathy (DCM) and the other due to coronary 
artery disease (CAD). 

Atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP), which are 
normally expressed in fetal tissue but are not present in normal adult ventricular tissue, 
are reexpressed in patients with heart failure. The quantity of cardiac sarcoplasmic 
reticulum Ca^'^-ATPase (Sr Ca^'^-ATPase), a protein important for excitation-contraction 
coupling and normally expressed in abundance in normal adult myocardium, is reduced 
in the myocardium from the patients with CHF. The amounts of glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) mRNA and ribosomal (28S and 18S) RNAs are 
shown as internal controls. CNP — C-type natriuretic peptide. {Adapted from 
Takahashi et aL [1].) 




Figure 4-5. An increase in the mechanical stresses on cardiac myocytes is a potential 
growth stimulus common to many forms of hypertrophy. To examine this mechanism 
experimentally, cardiac myocytes cultured from neonatal rat hearts were grown on a 
deformable membrane that could be stretched. Compared with control cells that were 
not stretched, cells that were stretched to increase their length by 20% for 48 hours 
showed an approximately 30% increase in cellular protein content, indicative of 
hypertrophy. Serum, which is rich in growth factors, was used for comparison purposes. 
Because under the conditions of these experiments no other cell types or extrinsic 
growth factors are present, these observations suggest that mechanical deformation 
of the myocyte can in itself cause hypertrophy. P values are versus control cells. 

{Adapted from Sadoshima et aL [2].) 
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Figure 4-6. Another regulator of cell growth and differentiation is sympathetic 
innervation. Norepinephrine (NE), the primary sympathetic neurotransmitter, can affect 
the growth of cardiac myocytes. Neonatal rat cardiac myocytes in culture dishes were 
exposed to NE in various concentrations for 24 hours, after which cellular protein was 
measured. NE caused cellular hypertrophy (/c, increased protein), which was inhibited 
by terazosin, an a^-selective antagonist. These findings indicate that the hypertrophic 
effect of NE is mediated by an -adrenergic receptor located on the cardiac myocyte. 
{Adapted from Simpson and McGrath [3].) 
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Figure 4-7. The levels of both circulating and tissue angiotensin 
are increased in many conditions associated with myocardial 
hypertrophy, and this peptide has therefore been implicated 
as a causative factor in myocardial hypertrophy. To examine 
whether angiotensin exerts direct effects on protein synthesis in 
cardiac cells, 10 nmol angiotensin (ANG II) was applied for 
24 to 48 hours to either myocytes or nonmyocytes (the latter 
consisting primarily of fibroblasts) cultured from neonatal rat 
hearts. A, In both cardiac myocytes and nonmyocytes, 
angiotensin increased [3El]-phenylalanine incorporation, 
indicating a hypertrophic effect. B, Interestingly, angiotensin 
increased [3H]-thymidine incorporation, an index of DNA 
synthesis, only in the nonmyocytes. This observation suggests 
that, in addition to causing myocyte hypertrophy, angiotensin 
may play a role in the proliferation of fibroblasts and the develop- 
ment of interstitial fibrosis, important components of cardiac 
remodeling. NS — not significant. {Adapted from Sadoshima 
and Izumo [4].) 
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Figure 4-8. Cytokines alter myocardial 
phenotype. Circulating or myocardial levels 
of cytokines including interleukin-1 (3 (IL-1(3), 
tumor necrosis-a, and interleukin-6 are 
increased in some patients with heart failure. 
A and B, In isolated ventricular myocytes, 
Thaik et al [5] showed that IL-ip induces cell 
growth, as evidenced by increases in protein 
synthesis, the reexpression of the fetal genes 
for p-myosin heavy chain (p-MHC) and atrial 
natriuretic factor (ANF), and the decreased 
expression of several adult genes, including 
those for sarcoplasmic reticulum calcium 
adenosine triphosphatase (ATPase) {ie, 
SERCA2) and the calcium release channel {ie, 
CRC). Other investigators have shown that 
some inflammatory cytokines such as tumor 
necrosis factor-a can stimulate apoptosis in 
cardiac myocytes. These data suggest that the 
local production of inflammatory cytokines in 
the myocardium in response to hemodynamic 
overload or inflammatory conditions can, 
among other things, regulate the growth and 
death of cardiomyocytes and thus may play 
an important role in the process of myocardial 
remodeling. a-SkA — a-skeletal actin; 

VDCC — voltage-dependent calcium 
channel. {From Thaik et al [5].) 





Figure 4-9. Peptide growth factors for 
heart failure. Some peptide growth factors 
may exert a survival effect on the 
myocardium. For example, neuregulins 
are a family of peptide growth factors that 
function in several organ systems, 
including the heart, to control normal 
tissue architecture. Mice genetically 
engineered to lack neuregulins or their 
receptors have growth arrest and die in 
utero with a poorly developed left 
ventricle. Neuregulins are expressed on 
nonmyocytes, including the micro- 
vascular endothelium of the heart in 
adulthood, and induce a growth response 
in isolated cardiac myocytes. Neuregulins 
also prevent the programmed cell death of 
isolated myocytes, suggesting that their 
stimulation may have survival value. 

A, Myocytes treated with neuregulin. 

B, Control myocytes. C, Removing the 
erbB2 neuregulin receptor in the mouse 
causes progressive thinning of the heart 
and ventricular dilatation [6]. TV — left 
ventricle; RV — right ventricle. (A and B 
Courtesy ofR. Rogers and RA Kelly.) 
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Figure 4-10. Counter-regulatory pathways. Myocyte hypertrophy 
is balanced in the cell by counter-regulatory pathways. 
Norepinephrine (NE) and adrenergic stimuli cause myocyte 
hypertrophy, as evidenced by an increased rate of protein 
synthesis, in this case tritiated leucine incorporation. The addition 
of atrial natriuretic factor (ANF), or the nitric oxide (NO) donor 
SNAP (S-nitroso-N-acetyl-D,L-penicillamine), inhibits the NE- 
induced increase in protein synthesis. Myocyte hypertrophy is 
associated with the reexpression of ANF. Thus, ANF in turn may 
act on the myocyte in an autocrine manner to limit the growth 
response. ANF increases intracellular levels of cGMP, and cGMP 
alone has similar effects. SNAP also increases myocyte levels of 
cGMP, suggesting that this pathway may play 
a role in the control of sympathetically stimulated myocyte 
hypertrophy by the parasympathetic system, which is known 
to regulate the activity of nitric oxide synthase. {Adapted from 
Calderone et al. [7].) 



Calcium Handling and Contractile 
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Figure 4-11. There is evidence that calcium handling is 
deranged in the myocardium of patients with end-stage heart 
failure. A, The action potentials in single human cardiac 
myocytes obtained from patients with normal ventricular 
function (control) or dilated cardiomyopathy. The action 
potential is substantially prolonged in the cell from the patient 
with dilated cardiomyopathy. B, The intracellular calcium 



transients in single cells, as assessed by the fura-2 technique. 

In the cell from a patient with dilated cardiomyopathy, the intra- 
cellular calcium fails to increase normally after stimulation and 
remains elevated for a prolonged time. Such abnormalities in 
calcium transients probably contribute to both systolic and 
diastolic ventricular dysfunction. {Adapted from Beuckelmann 
et al. [8].) 
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Figure 4-12. Abnormal calcium handling in failing myocardium appears to reflect altered 
expression of one or more important proteins. Shown is a Northern blot demonstrating 
typical decreases in the mRNA levels for both voltage-dependent channels and 
sarcoplasmic reticulum Ca^+-ATPase (SR Ca^'^-ATPase) in myocardium from patients with 
idiopathic dilated cardiomyopathy (DCM) or ischemic cardiomyopathy (CAD). 

The mRNA level for calsequestrin, a protein that binds calcium within the sarcoplasmic 
reticulum, is normal in the myopathic myocardium. The levels of glyceraldehyde-3- 
phosphate dehydrogenase (GAPDH) and ribosomal RNA (18S and 28S) are shown as 
internal controls. CHF — congestive heart failure. {Adapted from Takahashi et al [9].) 





Figure 4-13. Phospholamban in heart failure. Phospholamban 
regulates the activity of SERCA2 in the cardiac myocyte and thereby 
alters the cytosolic concentrations of calcium (Ca^"^). Whereas both 
phospholamban and SERCA2 expression are decreased in failing 
myocardium, phospholamban is not as reduced as SERCA2, so that 
the ratio of phospholamban to SERCA2 is increased (A). When the 
phospholamban /SERCA2 ratio was increased in rat heart by means 



of viral-mediated transfer of the phospholamban gene (Ad.PL), 
there was a downward shift in the left ventricular end-systolic 
pressure /volume relationship consistent with worsening systolic 
function (B). Thus, abnormal expression of calcium-regulating 
proteins could contribute to myocardial dysfunction in remodeled 
hearts. LVP — left ventricular pressure. (A adapted from Hasenfuss et 
al. [10]; B adapted from Hajjar et al. [11].) 
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Figure 4-14. The observed alterations in 
calcium handling and the levels of mRNA 
expression for several key calcium- 
handling proteins in myocardium from 
patients with cardiomyopathy. In failing 
myocardium there is elevation of the 
basal concentration of intracellular 
calcium and attenuation of the peak rise 
with depolarization. These functional 
abnormalities are associated with 
alterations in the mRNA levels for 
proteins involved in myocyte excitation- 
contraction coupling, suggesting that 
at least some of the functional abnor- 
malities in failing myocardium are 
caused by alterations in gene expression. 
SR — sarcoplasmic reticulum. 
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Figure 4-15. Myocyte contraction and 
relaxation in heart failure. As discussed in 
Chapter 1, normal myocyte contraction and 
relaxation are dependent on the interaction 
of several calcium regulatory proteiias. 
Changes in expression and activity of several 
of these have been observed in failing 
myocardium {see Fig. 4-16), as illustrated 
here. Increased expression is represented by 
shaded pwteins. Decreased expression is 
represented by dotted proteins. Increases in the 
ratio of phospholamban to SERCA2 and the 
sodium /calcium exchanger reduces the 
amount of calcium in the sarcoplasmic 
reticulum that is available for release during 
systole, thereby diminishing the amplitude 
of the calcium transient, as shoven in Figure 
4-11 . Decreases in the calcium release 
chamiel (CRC) and L-type calcium channels 
likewise diminish the calcium transient. 
Abnormalities in CRC function through 
chronic stimulation of phosphorylation both 
of CRC and regulatory proteins also 
contribute to the abnormal calcium handling 
seen in the failing heart. As discussed m the 
next section, other alterations in the 
expression and calcium sensitivity of the 
contractile proteins may also contribute to 
the abnormal contractile phenotype of the 
failing heart. {Adapted from Katz [12].) 
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Figure 4-16. The myosin heavy chains (MHCs). The MHCs are the 
molecular motors of muscle that convert the calcium transients 
into muscle contraction. The a and (3 isoforms of MHC differ in 
their relative adenosine triphosphatase (ATPase) activity and 
velocity of shortening. Whereas a-MHC has relatively more 
ATPase activity and an increased velocity of shortening, (3-MHC 
shortens more slowly and with greater economy of energy stores. 
The adult human heart has approximately 90% (3-MHC and 10‘/o 
a-MHC. In myocardium from patients with left ventricular failure 
(F-TV), Nakao et at. [13] have shown that there is decreased 
expression of a-MHC, which would be expected to result in a 
reduced velocity of shortening. RA — right atrium {Adapted from 
Nakao et al. [13].) 
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Cell Death 




Figure 4-17. Types and mechanisms of 
myocyte cell death. Myocyte death occurs 
through multiple mechanisms in the failing 
heart. Myocyte loss occurs chronically in 
the failing heart through the process of 
apoptosis, or programmed cell death, as 
well as oncosis and necrosis. A major 
distinguishing feature between these forms 
of cell death is that after apoptotic cell 
death there is phagocytosis of the cell 
remnants by neighboring cells. In contrast, 
the normal process of cellular protein 
turnover is overwhelmed such that 
proteins labeled for degradation ("ubiq- 
uitinated") accumulate in cytoplasmic 
bodies [14]. {Courtesy ofS. Kostin and 
J. Schaper.) 
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Figure 4-18. Loss of myocytes in heart failure. The slow loss of 
myocytes may contribute to the progressive decline in systolic 
function in heart failure. All cells have the ability to undergo 
programmed cell death, or apoptosis, in the presence of stimuli 
that activate the necessary signaling cascades. Cardiac apoptosis 
appears to play an important role in embryonic life as the heart 
"remodels" during development. Thus, apoptosis may be part 
of a fetal gene program. Apoptosis also occurs as a defense 
mechanism to rid an organ of infected or damaged cells without 
activation of inflammatory systems as would occur with 



necrosis. Olivetti et al. [15] demonstrated that apoptosis occurs 
in myocardium obtained from patients with heart failure by 
staining for fragmented DNA, a hallmark of the apoptotic 
process. A, Confocal microscopy of myocardial nuclei stained 
with propridium iodide. B, DNA fragments labeled with 
deoxyuridine triphosphate (Tunel) in apoptotic nucleus {arrow) 
but not normal nucleus {arrowhead), C, Counting of stained cells 
shows a large number of apoptotic cells (TuneC) in failing, but 
not normal, myocardium. (A and B from Olivetti et al. [15]; with 
permission; C adapted from Olivetti et al. [15].) 
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Figure 4-19. Neurohormonal systems, including the sympathetic nervous system, have 
been implicated in the induction of apoptosis. Norepinephrine (NE) can stimulate 
apoptosis in isolated rat ventricular myocytes as demonstrated here by an increase in 
the number of cells staining positive for fragmented DNA using the Tunel method. 

A, Control myocytes. B, Apoptotic myocytes after 24 hours' treatment with 10 mm NE. 
C, The percent of apoptotic cells increases approximately fourfold. This effect is 
mediated by (3-adrenergic receptors because it is blocked by the P-adrenergic 
antagonist propranolol but not the a-adrenergic antagonist prazosin. These 
observations suggest that increased sympathetic tone could contribute to progressive 
myocyte loss and provide a possible mechanism by which p-adrenergic antagonists 
might exert beneficial effects in patients with heart failure. (A and Bfrom Communal ct 
al. [16], with permission; C adapted from Communal ct al. [16].) 
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Figure 4-20. Apoptosis can cause ventricular remodeling and heart 
failure. The principle that apoptosis alone can cause remodeling 
and heart failure was recently proven. Wencker et al [17] induced 
expression of an activated form of caspase-8, a key protease in the 
apoptotic cascade, specifically in cardiac myocytes. Low levels of 
caspase expression caused low levels of apoptosis (23 per 100,000 



myocytes), similar to the levels observed in human heart failure. 
Over a 9-week period, the hearts of these animals showed pro- 
gressive thinning and dilatation, with contractile dysfunction and 
early mortality. These changes and the mortality were prevented in 
animals treated with a pharmacologic inhibitor of caspase-8 [17]. 
LV — ^left ventricle; RV — right ventricle. {Courtesy o/Richard Kitsis.) 
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Figure 4-21. Regulation of myocyte survival in heart failure. The 
proapoptotic effect of chronic neurohormonal, inflammatory 
cytokine, mechanical stress, and other stimuli are counterbalanced 
by prosurvival pathways. The fate of any single myocyte is a 
function of the net effect of these influences. Antiapoptotic 
influences in the myocardium are mediated in part by cyto- 
protective growth factors including insulin-like growth factor-1 
(IGF-1), cardiotrophin-1 (CT-1), and neuregulin-1 (NRG-1) that 
suppress the apoptotic cascade at multiple levels at least in part 
through the activation of P13 kinase and Akt as depicted. In this 
context it is intriguing to consider recent epidemiologic studies 
showing that circulating levels of the antiapoptotic factor IGF-1 
and proapoptotic inflammatory cytokines correlate inversely 
and directly, respectively, with the risk of development of heart 
failure [18,19]. 



Cell Replacement 




Figure 4-22 Myocyte cell division in the failing heart. The long- 
held belief that the adult myocyte is a postmitotic cell unable to 
divide after birth has recently been challenged by studies 
showing evidence of myocyte division in the adult heart. 
Autopsy specimens from patients who died 4 to 12 days after 
myocardial infarction were examined for evidence of myocyte 
division including mitotic spindles, contractile rings. 
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karyokinesis, and cytokinesis. A, A cardiac myocyte undergoing 
cytokinesis. Red stain is for a-sarcomeric actin, whereas green is 
propidium iodide staining of the nuclei. B, The number of 
dividing myocytes was markedly increased in hearts with recent 
myocardial infarction. The mediators and mechanisms for 
division of the adult myocyte are not known. {From Beltrami 
et ah [20]; with permission.) 



ATLAS OF HEART FAILURE: CARDIAC FUNCTION AND DYSFUNCTION 

72 







Figure 4-23. Progenitor stem cells from the heart and bone 
marrow. A, Pluripotent stem cells are present in the heart, as 
demonstrated by Beltrami et al. [20]. Stem cells express a protein 
called c-kit, a receptor for stem cell factor. The c-kit-positive cells 
can be demonstrated in the heart of normal animals using immuno- 
labeling techniques. Cells staining positive for c-kit are indicated by 
arrows and arrowheads. A portion of c-kit-positive cells in the heart 
also stain positive in the nucleus for Nkx2.5, a transcription factor 
critical for myocyte differentiation. Nkx2.5 staining is indicated by 
the white speckles in the cells indicated by arrowheads. Finally, the cell 
labeled by an asterisk (magnified in the inset) is positive for a- 
sarcomeric actin, a sarcomeric protein, as well as the c-kit and 
Nkx2.5. B, Bone marrow-derived stem cells can also 




be demonstrated in the heart after myocardial injury such as 
myocardial infarction. In this study by Kuramochi et al. [21], bone 
marrow-derived stem cells were indicated by performing a bone 
marrow transplant from mice expressing a fluorescent protein GFP 
After bone marrow transplant, myocardial infarction was induced, 
and the number of cells labeling for both GFP and the myocyte- 
specific protein troponin-T were counted. In infarcted hearts, in the 
border region of the infarct, many GFP-positive cells derived from 
bone marrow progenitors were positive for troponin-T, indicating 
bone marrow stem cells migrate to the injured heart and 
differentiate into myocytes [3]. {From Beltrami et al. [20] and 
Kuramochi [21]; with permission.) 
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Figure 4-24. A cardiac progenitor cell put 
into tissue culture with isolated ventricular 
myocytes can become a contracting 
myocyte. In this experiment, cardiac 
progenitor cells (CP cell) labeled with a 
fluorescent protein were isolated and 
placed in tissue culture with ventricular 
myocytes. The fluorescent label of the 
progenitor cell is shown in A. With 
electrical stimulation, there is a calcium 
transient in this cell and a neighboring 
myocyte (B). Measures of the calcium over 
time in the progenitor cell are shown in C, 
and demonstrate that there is a repetitive 
calcium transient with kinetics similar to 
isolated myocytes. By measuring cell size 
in D during electrical stimulation, the 
progenitor cell is shown to shorten with 
each calcium transient, which is consistent 
with an intact sarcomere apparatus that 
can be confirmed by immunostaining for 
sarcomeric proteins (not shown). This and 
other experiments like it demonstrate that 
progenitor cells can truly differentiate to 
contracting myocytes. (Courtesy of R. Liao 
and O. Pfister.) 
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Figure 4-25. Although myocytes are the major components of the 
heart on the basis of mass, they represent only a minority of the 
cells on the basis of number. Nonmyocyte cellular constituents of 
the myocardium include fibroblasts, smooth muscle cells, and 
endothelial cells. Myocytes and nonmyocytes are interconnected 
by a complex of connective tissue and extracellular matrix. 
Components of the extracellular matrix include collagens, 
proteoglycans, glycoproteins (such as fibronectin), several peptide 
growth factors, and proteases (such as plasminogen activators). 
There is increasing appreciation that by regulating the nature and 
quantity of the extracellular matrix, nonmyocytes in the heart play 
an important role in determining the response of the myocardium 
to pathologic stimuli, such as hemodynamic overload. {Adapted 
from Weber and Brilla [22].) 




Figure 4-26. Metalloproteinases (MMPs) in remodeling of the extracellular matrix. The 
extracellular matrix that mechanically couples the myocytes must also 'TemodeT' as the 



ventricle dilates. The extracellular matrix of 
the heart is constantly being broken down 
and reformed. This occurs in part through 
the activity of a group of enzymes called 
MMPs that degrade the extracellular 
matrix. A, The expression of at least two 
MMPs, MMP 3 and MMP 9, is increased in 
myocardium obtained from patients with 
heart failure. B, At the same time there 
appears to be increased expression of 
counter-regulatory inhibitors of MMPs 
referred to as tissue inhibitors of metallo- 
proteinase (TIMP). Although the structural 
and functional consequences of these 
changes in matrix regulatory proteins is not 
yet known, it is possible that they play 
a role in myocardial remodeling by 
facilitating slippage of myocytes and 
thereby leading to chamber dilation. 
{Adapted from Thomas et al [23].) 
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Figure 4-27. The balance between metalloproteinase (MMP) and 
tissue inhibitors of metalloproteinase (TIMP) activity. This balance 
determines the rate of matrix degradation and turnover. Increased 
MMP activity theoretically favors myocyte slippage, with reduced 
myocyte-to-myocyte mechanical coupling and dilation. Increased 
TIMP activity results in a net decrease in MMP activity and 
therefore theoretically favors matrix deposition. This perhaps 
leads to interstitial fibrosis, which may lead to increased stiffness 
and impaired supply of nutrients to myocytes because of an 
increased capillary-to-myocyte distance. 
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Figure 4-28. Alterations in p-adrenergic 
pathways in the failing heart. A charac- 
teristic physiologic abnormality in patients 
with heart failure is a reduction in the 
inotropic and chronotropic responses to 
exercise and other types of sympathetic 
stimulation. The molecular basis for this 
appears to involve multiple changes in the 
p^-adrenergic receptor coupling that is a 
response to the chronic increase in 
adrenergic stimulation. In myocardium 
from patients with end-stage heart failure, 
compared with control tissue from patients 
without failure, the level of P-adrenergic 
receptor kinase (pARK) mRNA is increased 
and the level of p^-adrenergic receptor 
mRNA is reduced. This leads not only to 
reduction in transcription of new p^- 
adrenergic receptors, but increased phos- 
phorylation of receptors leading to desensi- 
tization and degradation of receptors. 
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Figure 4-30. Adverse effects of chronic p-adrenergic receptor 
(P-AR) activation. Overwhelming clinical and scientific evidence 
now support the thesis that while desensitization of P-AR impairs 
myocardial contractility, this response protects against the effects of 
chronic p-AR on myocardial remodeling. Engelhard! et al. [25] 
demonstrated the deleterious effects of p-AR stimulation by 
generating transgenic mice that overexpressed the p^-AR in the 
heart. A, Using in vivo measurements of pressure change over 



Figure 4-29. The functional importance of the increased 
expression of p-adrenergic receptor kinase (p-ARK) in failing 
myocardium. In transgenic mice with overexpression of p-ARK, 
there is a decreased ionotropic response to administration of the 
P-adrenergic agonist isoproterenol. Conversely, in mice with over- 
expression of the p-ARK inhibitor, the opposite effect is seen with 
augmentation of the inotropic response to isoproterenol. LV — left 
ventricle. {Adapted from Koch et al. [24].) 




time (dp/dt), they found that while mice expressing approximately 
15-fold the normal level of P^-AR had evidence of increased cardiac 
function at 12 weeks of age, the mice went on to develop systolic 
dysfunction and evidence of heart failure with premature death. 

B, Histopathologic examination of these hearts at the late timepoint 
showed findings consistent with chronic remodeling including 
myocyte hypertrophy and replacement fibrosis. (A adapted from 
Engelhard! et al. [25]). 
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Figure 4-31. There is upregulation of 
several components of the renin-angiotensin 
system (RAS) in the noninfarcted myo- 
cardium of rats after myocardial infarction. 
There are significant increases in angiotensin- 
converting enzyme (ACE) activity (A), the 
level of angiotensinogen mRNA (B), and the 
density of angiotensin-II receptors (C). The 
increase in angiotensin-II receptor density 
suggests that in addition to increased activity 
of the tissue RAS, the responsiveness of the 
tissue to angiotensin may be increased. 

LV — left ventricle; RV — right ventricle. 
{Adapted from Hirsch et al. [26]; Lindpaintner 
et al. [27]; Meggs et al. [28].) 




Figure 4-32. The cardiac myocyte may be a source of tissue 
angiotensin II. A, Fluorescence staining of a rat ventricular myocyte 
with an antibody directed against angiotensin II is shown. The focal 
areas of staining {small arrows) within the cell indicate the presence of 
angiotensin II. B, The same cell (note location of large arrow) stains 
avidly with an antisarcomeric myosin antibody, indicating that it is a 
myocyte. The arrowhead indicates a nonmyocyte. Stretching of 



cultured neonatal rat cardiac myocytes on a silicone membrane 
induced the expression of fetal genes and increased protein synthesis, 
and these effects were blocked by the angiotensin-receptor antagonist 
losartan. These observations suggest that angiotensin II released from 
cardiac myocytes plays an autocrine role in regulating the cardiac 
myocyte growth response to hemodynamic overload. {From 
Sadoshima et al. [29]; with permission.) 
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Figure 4-34. Tumor necrosis factor (TNF)-a in heart failure. 
Circulating levels of cytokines including TNF-a are elevated in 
patients with heart failure. There is now reason to believe that these 
levels play a role in the pathogenesis of heart failure, although the 
mechanism by which this occurs remains unclear. Bozkurt et al. [31] 
were able to demonstrate a decrease in left ventricular (TV) 
fractional shortening as assessed by serial echocardiograms in rats 



Figure 4-33. There is evidence that endothelin-1 (ET-1) may serve 
as an autocrine or paracrine regulator of the molecular and cellular 
effects of angiotensin 11 (ANG II) on cardiac myocyte growth. 

In cultured neonatal rat cardiac myocytes, ANG II induces the 
expression of ET-1. By using an antisense oligonucleotide directed 
against preproendothelin-1 mRNA (ppET-1, the precursor of 
ET-1), it was shown that cells treated with antisense to ppET-1 to 
block ET-1 synthesis have a significantly reduced growth response 
to ANG II, as reflected by leucine incorporation into protein. In 
other experiments, an antagonist for ET-1 receptors was similarly 
shown to inhibit the growth effects of ANG II. These observations 
raise the intriguing possibility that in cardiac myocytes, ET-1 plays 
a critical autocrine role in the cellular response to ANG II. Data are 
mean ± SD. {Adapited from Ito et al. [30].) 
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subjected to a continuous infusion with TNE-a (A). Interestingly, 
this decrease in LV function was completely reversed 30 days after 
the infusion was stopped. When Bryant et al. [32] caused overex- 
pression of TNE-a in transgenic mice, there was ventricular 
dilation and impaired survival of mice that was related to the 
intensity of TNF-a expression (B). {Adapted from Bozkurt et al. 
[31] and Bryant et al. [32]. 
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Oxidative Stress 




Figure 4-35. Role of oxidative stress in progression of myocardial 
failure. There is evidence that oxidative stress is increased in 
heart failure and may play a role in progression of the underlying 
myocardial failure. A, In the rat myocardial infarction model. 

Hill and Singal [33] found that increased oxidative stress in the 
myocardium was associated with decreased activity of anti- 
oxidant enzymes such as superoxide dismutase (SOD). B, In the 



same animals, the myocardial level of thiobarbituric acid-reactive 
substances (TEARS), an index of oxidative stress, was elevated. In 
guinea pigs with pressure overload-induced myocardial failure, 
these same investigators were able to prevent the transition from 
hypertrophy to failure by supplementation of the diet with 
vitamin E, a lipid-soluble antioxidant. {Adapted from Hill and 
Singal [33].) 





Figure 4-36. A and B, Transgenic animals 
offer further evidence for the importance 
of antioxidant enzymes in the control of 
cardiac function and remodeling. Removal 
of a functional copy of the enzyme 
manganese superoxide dismutase (MnSOD), 
the main form of superoxide dismutase 
(SOD) in the mitochondria, results in death 
of mice at a young age. These mice have 
anatomic evidence of heart failure, with 
dilated ventricles and thrombus formation 
on the ventricular wall (arrowheads), 
consistent with poor systolic function. 

LV — left ventricle; RV — right ventricle. (From 
Li et al [34]; with permission.) 
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Figure 4 - 37 . Oxidative stress as a mediator of the failure pheno- 
types. Oxidative stress results from generation of superoxide anion 
and other reactive oxygen species (ROS), which act as important 
intracellular mediators for remodeling stimuli, including 
mechanical stress, inflammatory cytokines such as tumor necrosis 
factor-a (TNF-a), and catecholamines acting at the a- and 
P-adrenergic receptors. Mitochondria are a major source of ROS, 
along with oxidase enzymes such as the NADPH oxidase. The 
heart is protected from the effects of ROS on myocyte growth and 
death by antioxidants and antioxidant enzymes. The mechanisms 
by which ROS activate cell growth and death pathways involves 
activation of kinase cascades, as depicted in more detail in Figure 
4-2. {Adapted from Sawyer et at. [35].) 
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Figure 4 - 38 . Oxidative stress contributes to myocardial 
remodeling. Studies with pharmacologic delivery of antioxidants 
in animal models of myocardial remodeling have shown 
beneficial effects that may be occurring through multiple 
mechanisms. Echocardiograms of mice 28 days after myocardial 
infarction (MI) show evidence of dilation and dysfunction 
that was prevented by treatment with the antioxidant 
dimethylthiourea (DMTU). Histopathologic examination of the 
hearts from these animals showed that DMTU prevented the 
increase in myocyte diameter, increase in collagen content, and 
increased activity of MMP-2, suggesting that both oxidative 
stress was mediating myocyte as well as matrix remc^deling. 

AW — anterior wall; PW — posterior wall; FDD — end-diastolic 
dimension. {Adapted from Kinugawa et al. [36]). 
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Cardiac Remodeling 
AND Its Prevention 



5 



Scott D. Solomon and Marc A. Pfeffer 

Cardiac chambers have the capacity to alter (remodel) their size and 
configuration in response to a chronic change in their hemodynamic load. 
Whether across or within species, the mass and volume of the ventricular 
chambers maintain a close relationship with the required external work. The 
changes in chamber volume and mass that accompany normal growth provide 
the most striking example of the heart's intrinsic capacity to remodel in response 
to the insidious alterations in demand that take place as a consequence of body 
growth. Under pathologic conditions of chronic pressure or volume overload, 
the chamber remodels in direct relahon to the imposed hemodynamic burden. 
The mass increase is attributable to both myocyte hypertrophy and growth of 
nonmyocyte interstitial components. However, the manner of rearrangement of 
these additional contractile tissues can lead to either an eccentric (chamber 
volume > mass) or a concentric (chamber mass > volume) pattern of ventricular 
growth. Although remodeling in response to a pathologic condition can in one 
sense be considered adaptive because it permits the restoration of pump function 
in the face of an imposed hyperfunctional condition, the extent of ventricular 
remodeling is nevertheless an important marker for poor prognosis. 

As a result of myocardial infarction (MI), the left ventricle (LV) can undergo 
an immediate contour change as a result of thinning and elongation of the 
region affected by myocardial necrosis. This topographic alteration in the 
infarcted region, termed infarct expansion, is a consequence of slippage between 
muscle fiber bundles, resulting in a reduction across the ventricular wall of the 
number of myocytes in the noncontractile region. This regional stretching and 
thinning can continue until connective tissue elements within the infarcted 
region provide sufficient resistance to oppose further deformation. Both the 
initial loss of contractile tissues and this subsequent distortion combine to 
augment the effect of workload and wall stress on the remaining viable 
myocardium. These events, which occur relatively early during acute MI, 
provide the substrate for the more insidious global process of subsequent 
progressive ventricular enlargement. 

As with other forms of systolic dysfunction, the greater the degree of 
ventricular enlargement, the more guarded the prognosis. This is particularly 
true for survivors of MI in whom a small quantitative augmentation of 
ventricular volume is associated with a great increase in the relative risk for 
death. Current methods of noninvasive imaging enable serial assessments of 
ventricular size and shape to be obtained and have thus delineated the 
progressive nature of the remodeling that occurs in the impaired LV. Remodel- 
ing after Ml is a multifactorial process that can be influenced by infarct size and 
transmurality, the degree of histologic healing in the infarcted region, and 
ventricular wall stress. Prompt restoration of myocardial flow by thrombolytic 
therapy or primary coronary angioplasty reduces infarct size and transmurality 
and diminishes the risk for postinfarction ventricular remodeling. Therapy 
with anti-inflammatory agents during the early phase of Ml can prolong the 
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phase during which the ventricle is vulnerable to infarct 
expansion. Therefore, avoidance of these agents may 
reduce the extent of local distortion. Infarct expansion and 
the more insidious process of global ventricular 
enlargement have been successfully attenuated by long- 
term therapy with angiotensin-converting enzyme (ACE) 
inhibitors. These factors that influence ventricular 



remodeling after Ml have practical value because they 
can be modified, and favorable alterations in ventricular 
size and shape have been shown to result in improved 
clinical outcome. Indeed, limiting the extent of ventricular 
remodeling in asymptomatic patients after MI can 
be considered as preventive therapy for symp- 
tomatic congestive heart failure. 



Cardiac Growth and Remodeling 





Figure 5-1. The logarithmic relationship between ventricular 
stroke work (SW) and body weight (BW; A), stroke work and 
ventricular weight (VW; B), and stroke work and end-diastolic 
volume (EDV; C) [1]. These relationships between external work, 
ventricular chamber weight, and volume were developed across 
10 mammalian species ranging in size from rats to cattle and 
provide an excellent example of the close association between 
workload and structure. LV — left ventricle; RV — right ventricle. 
(Adapted from Holt et al [1].) 
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VENTRICULAR REMODELING: ALTERATION IN 
CONTOUR OR VOLUME OF VENTRICULAR CAVITY 
THAT IS NOT ATTRIBUTED TO ACUTE CHANGES 
IN DISTENDING PRESSURE 
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Figure 5-2. Patterns of ventricular hypertrophy. Specific patterns 
of ventricular remodeling occur in response to the imposed 
augmentation in workload. A pattern of hypertrophic growth 
characterized as concentric, in which increased mass is out of 
proportion to chamber volume, is particularly effective in 
reducing systolic wall stress (a) under conditions of heightened 
pressure load. In contrast, in volume overload conditions, in 
which the major stimulus is diastolic loading, a predominant 
finding is a great increase in the cavity size or volume. Although 
there can be extensive increases in mass, the relationship between 
mass and volume is either preserved or, in severe cases, reduced. 
The fundamental response is generated by cellular hypertrophy. 
However, the configuration of the new contractile tissue is specific 
and offsets the major mechanical stimulus. {Adapted from 
Grossman et ah [2].) 



Figure 5-3. Definition of ventricular remodeling. In a definition 
of ventricular remodeling, it is important to note that these 
alterations in size and volume or shape are not related to acute 
changes in distension [3]. Although alterations in filling pressure 
change chamber volume, these acute changes do not reflect a true 
structural modification. Systolic dysfunction impairs ventricular 
emptying and initially leads to a predominant condition of 
volume overload. With chamber enlargement, systolic load is also 
increased. With left ventricular dysfunction and enlargement, the 
chamber volume may increase out of proportion to mass. This sets 
up a pathophysiologic condition in which, at any comparable 
intraventricular pressure, the wall stress is increased compared 
with that of a ventricle with a preserved mass-to- volume ratio. 
Although ventricular mass is increased in all three situations, the 
relationship between the augmented mass and volume differs. 
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Early Remodeling After Myocardial 
Infarction and Infarct Expansion 




Figure 5-4. Pathologic specimen of a human heart that 
experienced a prior infarction leading to marked apical infarct 
expansion. Thinning and elongation of the involved apical region 
have resulted in distortion and enlargement of the ventricular 
cavity. The scarred apex not only would be unable to contract but 
would lead to a distortion of the ventricular cavity, resulting in 
hypertrophy of the remaining viable myocardium. {Courtcsi/ of 
Frederick Schoen, MD, PhD, Boston, MA.) 
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Figure 5-5. In vivo echocardiographic diagnosis of remodeling. 
The echocardiographic diagnosis of remodeling was made from 
the short-axis plane at the level of the papillary muscle. Using the 
internal landmarks provided by the papillary muscle, the ventricle 
was divided into two segments, anterior and posterior. A, Whereas 
the normal anterior segment length is 8.6±1.2 cm, the posterior 
segment is 5.3±1 cm. B, In patients with first myocardial infarcts, 
the segment with the noncontractile region is the obvious infarct- 
containing segment. Patients who experience infarct expansion 
develop elongation of this segment within the first week of the 




infarction. C, Actual data points from 27 patients with acute anterior 
wall myocardial infarction (AWMI) demonstrate that almost 60To 
of patients with an anterior infarct developed an elongation of the 
anterior segment that was greater than 2 SD from normal. In 
these patients, the posterior wall length was not increased 3 days 
after the infarction. Conversely, in patients with posterior infarcts, 
one can anticipate that the anterior segment would be normal and 
that a proportion would have elongation of the posterior segment. 
Shaded areas indicate normal ranges ± SD. {Adapted from Erlebacher 
etai [4].) 
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Figure 5-6. A more extensive method of 
quantitating infarct expansion developed by 
Jugdutt and Michorowski [5]. The length of 
the infarct-containing segment is, of course, 
determined. However, in this method, 
which also utilizes two-dimensional short- 
axis echocardiography at the mid-papillary 
muscle level, the thickness of the infarcted 
segment is related to the wall thickness of the 
noninfarcted region to provide a thinning 
ratio, the other major component of infarct 
expansion. Expansion index is calculated by 
dividing the length of the asynergy-containing 
segment by the length of the segment without 
as 5 mergy (x/y). Thinning ratio is determined 
by dividing average thickness of the 
asynergic zone by average thickness of the 
non-asynergic zone (a/b). LV — left ventricle. 
{Adapted from Jugdutt and Michorowski [5].) 





Figure 5-7. Predilection of the left 
ventricular apex for expansion. The left 
ventricular apex is particularly vulnerable 
to infarct expansion and initiation of global 
enlargement. A, A normal apex has the 
greatest radius (r) of curvature and 
therefore, by the Law of Laplace, has the 
lowest wall tension (T). B, When this region 
undergoes expansion and thinning, the 
elongation produces a marked distortion 
and greatly increases the radius of 
curvature. Because this area usually has 
the least wall thickness (h), it is the most 
vulnerable to any increase in the radius. 

P — pressure. 
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Figure 5-8. Mortality rate as related to left ventricular size. In an 
extensive database that included clinical demographics, catheter- 
ization data, and exercise capacity of 733 patients with coronary artery 
disease, the most powerful predictor of long-term outcome was left 
ventricular size as measured by volume biplane left ventriculography 
The relationship between deaths per thousand patient-years and left 
ventricular size in either end-diastole or end-systole illustrates the major 
increase in risk for death that occurs with relatively smaU changes in left 
ventricular volume. {Adapted from Hammermeister et al. [6].) 
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Figure 5-9. Relative risk for death in survivors of myocardial 
infarction. End-systolic volume has been found to be a most 
important prognostic factor for determinations of long-term 
survival after myocardial infarction. For each 25-mL increment in 
end-systolic volume, the risk for death increased exponentially 
over that of other survivors of myocardial infarction with 
preserved left ventricular volume. {Adapted from White et al. [7].) 
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Figure 5-10. Morphologic classification of early change in shape of 
left ventricle (LV). A myocardial infarction (MI) can alter left 
ventricular LV shape as well as volume. Although much more difficult 
to quantitate, this scheme has been developed to characterize the 
distortion that occurs after an MI. LV shape is an important 
deterrrdnant of outcome. Meizlish et al [8] developed a classification 
for LV shape changes based on radionuclide angiograms and found 
that greater degrees of distortion were associated with a higher 
likelihood of death even when adjustment was made for comparable 
LV ejection fractions. In the above grading system, shape abnormalities 
of grades 1 and 2 are confined to the diastolic contour. Grades 3 
through 5 involve overt alterations in the LV contour that are present in 
diastole as well as systole. In patients with a first anterior MI, the 
greater the shape distortion, the higher the likelihood of ventricular 
thrombus. {Adapted from Meizlish et al. [8] and Lamas et al. [9].) 
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Figure 5-11. Contrast left ventriculogram of 
a patient with a first anterior infarct. This 
frame in end-systole shows enlargement 
and distortion of the cavity, with apical 
expansion. Intraluminal thrombi (arrows) are 
detected as filling defects. (From Lamas et al 
[9]; with permission.) 




Figure 5-12. A heart removed from a cardiac transplant recipient. This specimen, from a 
survivor of one large anterior septal apical infarction, demonstrates the thinning and 
elongation of the infarcted region, the cavity enlargement, and hypertrophy of the 
remaining segment, as well as a large apical thrombus. (Courtesy o/ Lynda Biedrzycki, MD, 
Boston, MA.) 



Progressive Enlargement After 
Myocardial Infarction 




Figure 5-13. Progressive ventricular remodeling in a rat model of 
myocardial infarction. Left ventricular (LV) volumes in rats with 
various degrees of histologic damage were studied in the acute to 
chronic period after coronary ligation. The shaded area represents mean 
values ± 2 SEM from normal (not infarcted) animals. Volumes were 
obtained from the pressure/ volume relationship and are compared at 
the common distending pressure of 20 mm Hg. Therefore, under 
these conditions, a change in volume is caused by true remodeling 
rather than altered distention. The extent of this remodeling is a 
function of both the duration and the degree of histologic damage. 
Although infarct expansion has been noted as an early process, when 
filling pressure is taken into account it becomes apparent that the bulk 
of the global enlargement occurs in the weeks to months after an 
infarction, when fibrous connective tissue has been established in the 
infarcted region. (Adapted from Pfeffer et al [10].) 




Figure 5-14. Progressive ventricular enlargement after myo- 
cardial infarction (MI) in humans. In a sequential study of left 
ventricular (LV) volumes of 99 patients from 4 days to 3 years 
after acute MI, Gaudron et al [11] demonstrated that progressive 
enlargement continued in about 25%. Those who experienced 
progressive and marked changes in ventricular size were more 
likely to have had large anterior infarctions with limited collateral 
flow. Recurrent infarction was excluded in this patient population 
as a potential explanation for this late enlargement. (Adapted from 
Gaudron et al [11].) 
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Figure 5-15. Heterogeneity of left ventricular remodeling after 
myocardial infarction (MI). The Healing and Early Afterload 
Reducing Therapy (HEART) trial studied 352 patients following 
anterior Q-wave ML Echocardiograms were performed within 
24 hours of MI (day 1), at 14 days and 90 days post-MI. This figure 
demonstrates the heterogeneity of ventricular remodeling. While the 
mean change in end-diastolic volume between days 1 and 90 was 
4.25 ± 26 mL, some patients demonstrate enlargement and some 
demonstrate "reverse" remodeling. {Adapted from Solomon et al. [12].) 




Figure 5-16. Dissociation of ventricular remodeling and 
ventricular function following myocardial infarction (Ml). 
Although ventricular function and ventricular remodeling 
are linked following MI, patients can demonstrate substantial 
recovery of ventricular function and yet continue to demonstrate 
significant ventricular dilatation. In the Healing and Early 
Afterload Reducing Therapy (HEART) study, we observed 
improvement in systolic function in a substantial number of 
patients following MI. Indeed, 24To demonstrated complete 
recovery of ventricular function. EDV — end-diastolic volume; 

EE — ejection fraction. {Adapted from Solomon et al. [12].) 
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Figure 5-17. Time course and components 
of remodeling after experimental infarction. 
Changes in volume per kilogram of body 
weight at common distending pressures 
indicate a true structural change. Numerical 
values represent actual experimental data. 

The upper diagrams, although not drawn to 
scale, illustrate the various components of 
remodeling after infarction. Lengths B to A 
and B to C represent the minor radius at the 
midpoint of the left ventricle (LV), and 
length B to D represents the major radius. 

In the initial period there is thinning and 
elongation of the infarcted region, and 
axis B to C increases. The change in the 
shape of the perimeter leads to a net increase 
in ventricular volume. During the early 
healing period there is further thinning and 
elongation. However, there is an additional 
component of chamber enlargement that 
now involves the viable myocardium, as 
axes B to A and B to D are also increased. 
This more global process of enlargement 
continues long after histologic resolution. 
{Adapted from Pfeffer [13].) 
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Figure 5-18. Relationship between maximal creatine kinase (CK) 
and remodeling over 90 days. One of the most important 
predictors of ventricular remodeling is the overall extent of 
myocardial necrosis. This has been demonstrated in numerous 
animal models and in human studies of patients following 
myocardial infarction (Ml). Peak CK is a crude but useful measure 
of necrosis that, even in the setting of reperfusion therapy, bears a 
clear relationship with the extent of left ventricular remodeling. 
These data, from the Healing and Early Afterload Reducing 
Therapy (HEART) study, demonstrate a stepwise increase in 
change in left ventricular end-diastolic volume (LVEDV) from day 
1 to 90 following infarction in association with increasing quartile 
of peak CK. Eighty-seven percent of patients enrolled in this study 
underwent reperfusion therapy, underscoring the fact that while 
the kinetics of CK release may be altered in patients who undergo 
reperfusion therapy, peak CK still represents an important 
predictor of overall ventricular enlargement post-MI. (Adapted from 
Solomon et al. [14].) 




Figure 5-19. Relationship between remodeling and heart failure 
modified by diabetes. Ventricular enlargement or remodeling has been 
thought to represent an intermediate in the development of heart 
failure following myocardial infarction. Indeed, there is a clear rela- 
tionship between development of heart failure and the extent of 
ventricular enlargement overall in the post-myocardial infarction (MI) 
population. Nevertheless, this relationship appears to be more 
complex in some patients. Diabetics are known to have a marked 
increased risk in the development of heart failure following MI, with a 
nearly twofold incidence of heart failure hospitalization as observed in 
the Survival and Ventricular Enlargement (SAVE) trial. However, 
diabetics appear to demonstrate remodeling less than nondiabetics. 
This figure shows the extent of ventricular enlargement over the first 
2 years following MI in patients who did and did not develop heart 
failure subsequent to two years. Whereas nondiabetics who developed 
heart failure demonstrated significantly greater ventricular dilatation 
than those who did not, this relationship was not true in the diabetic 
patients. These data suggest that the diabetic heart may be particularly 
at risk because of the inability to dilate in the setting of decreased 
stroke volume. These data also remind us that remodeling is indeed 
a physiologic adaptation and that the absence of enlargement in the 
setting of expense of myocardial necrosis may place a patient at greater 
risk. (Adapted from Solomon et al. [14].) CHE — chronic heart failure. 
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Figure 5-20. Regional midwall circum- 
ferential wall stress from base to apex 
calculated during the cardiac cycle in a 
rat model of myocardial infarction (MI), 
showing the regionality and complexity of 
wall stress over the entire cardiac cycle. 

A, Wall stress declines during the early 
ejection phase in a normal ventricle, despite 
the increased pressure caused by both 
systolic wall thickening and a marked 
decrease in chamber radius. B, The infarcted 
(dilated) ventricle starts from a greater 
diastolic radius or volume and wall stress. 
During ejection, there is a much lesser 
reduction in the radius of the enlarged 
ventricle (even for the same stroke volume), 
so that wall stress is actually exacerbated 
rather than relieved with the development 
of systolic pressure during early ejection. 
Also shown is the regionality of abnormal 
wall stress, consistent with the clinical 
observation that the base is least affected. 
(Adapted from Capasso et al [15].) 
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Figure 5-21. Modifiable factors for limitation of postinfarction ventricular remodeling. The 
extent of the infarction, in terms of both the amount of wall motion abnormality and the 
degree of transmurality, plays a major role in determining the risk for progressive ventricular 
enlargement. Primary prevention measures should be considered as the major key to reducing 
the initial risk for myocardial infarction (MI) and subsequent distortion of the left ventricle. 
During an acute MI, prompt attention to the supply-and-demand balance, with restoration of 
coronary artery flow, preserves myocardium and reduces infarct size and transmurality. 
Infarct vessel patency is an independent factor that reduces the risk for late enlargement. 
Interference with the connective fibers that buttress the infarct region can prolong the vulner- 
able period for infarct expansion and worsen this condition. Nonsteroidal anti-inflammatory 
drugs (NSAIDs) and steroids should be avoided. Aspirin does not appear to have this same 
detrimental effect on infarct expansion. Heightened ventricular wall stress should be viewed 
as a long-term inciting stimulus for progressive remodeling in both the infarcted and the 
noninfarcted regions. Although several studies have demonstrated beneficial effects of nitro- 
glycerin on infarct expansion, there is consistent information that angiotensin-converting 
enzyme (ACE) inhibition therapy favorably alters this process and is associated with 
improved clinical outcome. PTCA — percutaneous transluminal coronary angioplasty. 
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Figure 5-22. Effects of thrombolytic 
therapy (streptokinase) on left ventricular 
(LV) volumes in survivors of acute 
myocardial infarction (MI). Thrombolytic 
therapy is associated with less LV enlarge- 
ment, as assessed in this randomized, 
double-blind trial that used biplanar left 
ventriculography 3 weeks after the MI. This 
study also illustrates that patients with 
anterior Ml are at greater risk for enlarge- 
ment than patients with inferior infarctions. 
However, in both instances, the use of 
thrombolytic therapy led to a reduction in 
ventricular enlargement. {Adapted from 
White etal. [16].) 
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Figure 5-23. Echocardiographic substudy from the Gruppo Italiano 
per lo Studio della Streptochinasi nellTnfarto Miocardico (GISSI) 
trial. This study demonstrated that left ventricular enlargement 
6 months after myocardial infarction is a function of the extent of the 
wall motion abnormality and that thrombolytic therapy resulted in a 
strong trend toward smaller ventricular volumes for every degree 
of abnormality. {Adapted from Marino et al [17].) 
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Figure 5-24. Expansion of the paradigm of the beneficial actions of 
early reperfusion therapy. The original paradigm appears on the left 
and the expanded paradigm is on the right. Restoration of coronary 
flow during the early (salvage) phase of acute myocardial infarction 
(MI) is administered to reduce MI size and transmurality. This 
preservation of myocardium was anticipated to reduce the wall 
motion abnormality, improve the ejection fraction, and ultimately 
lead to a reduction in mortality. Although these observations are 
accurate, the reduction in death appears to be out of proportion to 
the improvement in ejection fraction observed in the large placebo- 
controlled trials [18]. However, recent observations of the influence 
of infarct vessel patency on left ventricular (LV) remodeling and 
electrical stability led to an expansion of the original paradigm. The 
favorable effects of reperfusion therapy in reducing LV dilatation 
have a prominent role in the more current hypothesis explaining 
the beneficial actions of reperfusion therapy. {Adapted from Kim 
and Braunwald [19].) 




Figure 5-25. Algorithm for wall stress. This algorithm for wall stress 
underscores the central importance of excessive workload and wall 
stress in the progressive structural alterations in a positive-feedback 
cycle whereby the structural alterations of left ventricular (LV) 
dilatation lead to further augmentations in wall stress, reinforcing 
the progression of the cycle. This scheme is central to understanding 
the progressive nature of dysfunction, with and without symptoms. 
This construct provided the rationale for the use of an angiotensin- 
converting enzyme inhibitor in asymptomatic patients with LV 
dilatation to prevent further structural changes and reduce the risk 
for development of congestive heart failure. 




Figure 5-26. Pressure-volume relationship in rats with moderate- 
sized infarctions, demonstrating the effects of captopril therapy. 
Rats with chronic infarctions have a passive pressure-volume 
relationship, which is shifted to the right of normal. Such a 
shift defines a larger ventricle at any common filling pressure 
{ie, postinfarction remodeling). Chronic therapy with captopril, 
an angiotensin-converting enzyme (ACE) inhibitor, resulted 
in less enlargement, even when compared for the same amount 
of histologic damage. The captopril-treated animals also had 
a lower filling pressure than untreated controls, and therefore 
the operating volume (circles) was reduced with ACE inhibition 
therapy because of the structural change (ie, attenuation of 
remodeling) and the reduced distending pressure. Sham rats 
were operated and noninfarcted; moderate rats had histologic 
infarct sizes ranging from greater than 20% to less than 40% 
surface area. (Adapted from Pfeffer et al. [20].) 
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Figure 5-27. Influence of angiotensin-converting enzyme (ACE) 
inhibition therapy (captopril) on survival in the rat myocardial 
infarction model. Long-term improvement in survival with ACE 
inhibition was seen in rats with moderate (< 40%, > 20% surface 
area) infarctions. In infarcts within this size range, therapy was 
most effective in prolonging survival. Of interest is that the benefits 
of ACE inhibition therapy increased with the duration of admin- 
istration. {Adapted from Pfeffer et ah [21].) 




Figure 5-29. Change in end-diastolic volume index (EDVI; A) 
and end-systolic volume index (ESVI; B) in patients with Q-wave 
infarctions as assessed by serial echocardiography. A study by 
Sharpe [23] has extended prior observations to an earlier time 
period and has expanded the patient group to include both 
inferior and anterior Q-wave infarctions. Once again, progressive 
enlargement is seen with conventional therapy, and this alteration 




Figure 5-28. Late volume enlargement after first anterior infarction. 
In asymptomatic patients with left ventricular (LV) dysfunction, late 
(/c, from 3 weeks to 1 year) volume enlargement occurred with 
administration of conventional therapy. The magnitude of this 
increase in LV end-diastolic volume was greatest in patients with 
an occluded infarct-related vessel and a higher degree of wall 
motion abnormality, as assessed by percent akinesis plus dyskinesis 
of the baseline left ventriculogram. In a randomized, placebo- 
controlled study, administration of the angiotensin-converting 
enzyme (ACE) inhibitor captopril was effective in attenuating the 
late LV enlargement observed in these selected survivors of 
myocardial infarction. {Adapted from Pfeffer et al. [22].) 




in left ventricular (LV) volume was significantly reduced by the 
addition of the angiotensin-converting enzyme (ACE) inhibitor 
captopril. This study also measured LV volume after withdrawal 
of the ACE inhibitor, demonstrating that the observed differences 
are not merely a consequence of acute unloading. {Adapted from 
Sharpe [23].) 
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Figure 5-30. Components of late enlargement. Late (ze, 3 weeks 
to 1 year) ventricular enlargement in patients with first anterior 
myocardial infarction is shown. Although major changes in the 
noncontractile region characterized the early process of infarct 
expansion, the increase in volume during the later phase is a 
consequence of lengthening of the contractile portion and a further 
shape change, resulting in a more spherical contour. (Adapted from 
Mitchell et al [24].) 
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Figure 5-31. Serial left ventricular (LV) end-diastolic volume changes in Studies of 
Left Ventricular Dysfunction (SOLVD) study participants. In an ancillary trial of the 
SOLVD study, both the prevention (A) and the treatment (B) arms demonstrated 



significant reductions in LV volume in the 
patients randomly assigned to receive 
long-term angiotensin-converting enzyme 
(ACE) inhibitor therapy with enalapril. In 
general, the asymptomatic patients in the 
prevention arm experienced less LV 
enlargement than the symptomatic 
patients in the treatment arm. In both 
study groups, enalapril therapy was 
effective in attenuating progressive LV 
enlargement. An interesting component 
of this study was withdrawal data (WD). 
The ACE inhibitor was withheld for a 
minimum of 5 days, and the difference in 
LV end-diastolic volume was sustained, 
indicating that this therapy was 
influencing structural enlargement rather 
than merely an acute unloading effect. 
(Adapted from Konstam et al [25].) 




Figure 5-32. Changes in left ventricular (LV) area related to 
adverse cardiovascular events and therapy with captopril. The 
echocardiographic substudy of the Survival and Ventricular 
Enlargement trial did indeed confirm that chronic angiotensin- 
converting enzyme (ACE) inhibition therapy was associated with 
less ventricular enlargement 1 year after myocardial infarction. 
Importantly, this study extended previous observations to indicate 
that patients who had experienced an adverse cardiovascular 
event were much more likely to demonstrate progressive LV 
enlargement. Although ACE inhibitor therapy reduced the 
number of patients who experienced adverse cardiovascular 
events by approximately 20%, those who experienced either 
cardiovascular death, heart failure, or MI despite therapy were 
as likely as patients receiving placebo to demonstrate LV 
enlargement. These observations point to an important link 
between LV enlargement and adverse clinical outcome. (Adapted 
from St. John Sutton et al [26].) 
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Figure 5-33. Change in ejection fraction i 
infarction. In the cohort of 299 patients w 




the first 14 days after an anterior myocardial 
h paired studies on day 1 and day 0, there 



was an overall improvement in ejection 
fraction. A, Those who received an 
angiotensin-converting enzyme (ACE) 
inhibitor had a greater benefit, 
particularly those who were randomly 
assigned to a full dose of the ACE 
inhibitor ramipril. B, Despite the general 
improvement in ejection fraction, there 
was evidence of left ventricular enlarge- 
ment, which was most prominent in the 
patients who were not treated with an 
ACE inhibitor during the first 14 days of 
an infarction. These data indicate a 
relative dissociation between a measure 
of ventricular performance {ie, ejection 
fraction) and the assessment of 
remodeling {ic, diastolic cavity area). 
{Adapted from Pfeffer et al. [27].) 




Figure 5-34. Changes in left ventricular (LV) end-systolic volume 
from the early phase (first 3 days to 6 months) after myocardial 
infarction and the influence of randomization to a transdermal 
nitroglycerin (NTG) patch. Chronic therapy with nitroglycerin 
reduced ventricular enlargement. In this randomized study, 
it is of interest that, consistent with prior studies, most of the 
ventricular enlargement occurred in placebo-treated patients who 
had an LV ejection fraction (LVEE) of 40% or less than in those 
with an LVEE greater than 40%. The favorable influence of nitro- 
glycerin was demonstrated in the group with LVEE of 40% or less. 
The authors are careful to indicate that their study was designed 
to address the LV remodeling influence of nitrates and was 
not powered to address the issue of clinical outcomes. The 
observations do support the notion that remodeling is mainly 
a problem for larger infarcts and that factors that favorably 
influence filling pressures, such as angiotensin-converting 
enzyme inhibitors and nitroglycerin, can have long-term benefits 
on structure. {Adapted from Mahmarian et al [28].) 
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Figure 5-35. Effect of p-blocker therapy on ventricular volumes and 
ejection fraction in patients with heart failure. P-blockers, once 
thought to be contraindicated in heart failure patients, have become 
standard therapy, p-blocker therapy improves survival and function, 
and attenuates remodeling in heart failure patients. These data 
demonstrate that carvedilol therapy is associated with improvement 
in left ventricular end-diastolic index (LVEDVI; A) and end-systolic 



volume index (LVESVI; B) from baseline to 6 months and 12 months. 
Data are presented as mean value ± SE. P values comparing 
carvedilol and placebo are for repeated measures multivariate 
analysis of variance (MANOVA) over 12 months of treatment. In 
addition, carvedilol therapy was associated with improvement in 
left ventricular ejection fraction (LVEF; C) from baseline to 6 and 
12 months. {Adapted from Lowes et ah [29]). 
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Figure 5-36. Effect of selective matrix 
metalloproteinase (MMP) inhibition on 
ventricular dilatation in a rabbit infarct 
model. The MMPs are thought to play an 
important role in the remodeling process, 
because these enzymes are responsible for 
breakdown of collagen within the extra- 
cellular matrix. Vehicle-treated rabbits 
showed progressive left ventricular 
dilation, as indicated by increased end- 
diastolic (EDD; A) and end-systolic 
(ESD; B) dimensions. In contrast, the 
MMP inhibitor-treated rabbits 
demonstrated attenuated dilation. 
{Adapted from Lindsey et ah [30].) 
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Figure 5-37. Effect of cardiac resynchronization therapy (CRT) on ventricular 
remodeling. Cardiac resynchronization therapy, in which a biventricular pacemaker is 
used to "resynchronize" the right and left ventricular activation patterns in patients with 
wide QRS complexes, has shown tremendous promise in improving cardiac function, 
well-being, and incidence of heart failure in class III and IV heart failure patients. The 
Multicenter InSync Randomized Clinical Evaluation (MIRACLE) trial randomly assigned 
patients with class III or class IV heart failure to cardiac resynchronization therapy or not, 
and evaluated symptoms (New York Heart Association class), quality of life, exercise 
capacity, and ventricular size and function. As shown here, patients who were randomly 
assigned to CRT showed significantly greater reduction in ventricular end-diastolic 
volume over 3 or 6 months. LVEDV — left ventricular end-diastolic volume. {Adapted from 
St. John Sutton et ah [31].) 
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Figure 5-38. Cell therapy and ventricular remodeling. Several 
therapeutic strategies using cell therapy have been proposed 
to attenuate remodeling after myocardial infarction (MI). One 
approach used skeletal myoblasts isolated from the hind leg 
muscle of a neonatal rat and injected into the infarct region. In 
these experiments, 10^ cells were injected into the infarct area 
1 week following MI. The diastolic pressure-volume relationship 



at 4 weeks after cell therapy (A) and 6 weeks after cell therapy (B) 
in noninfarcted control animals, MI rats, and Ml+cell therapy rats. 
MI resulted in significant rightward shift of the diastolic pressure- 
volume curve relative to noninfarcted control hearts. Cell therapy 
attenuated the shift, suggesting a reduction in ventricular globe 
chamber dilation at both 3 and 6 weeks after cell therapy. {Adapted 
from Jain et al [32].) 
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Figure 5-39. The effect of an aldosterone receptor blocker, eplerenone, 
on ventricular function and remodeling in an animal myocardial 
infarction (MI) model. Left ventricular (LV) pressure volume loops (A) 
and left ventricular end-diastoUc volume (LVEDV; B) were measured 
in vivo with a conductance catheter in sham-operated rats (Sham) and 
in rats with extensive myocardial infarction (P MI), and the effects of 
aldosterone receptor inhibition (E), angiotensn-converting enzyme 
(ACE) inhibition (T), or combined aldosterone and ACE inhibition (ET) 



were compared. These data suggest that eplerenone, a selective aldo- 
sterone receptor blocker, can attenuate post-MI ventricular remodeling 
similarly to ACE inhibitors and that combining an ACE inhibitor and 
eplerenone can further improve ventricular function and attenuate 
remodeling. Asterisk indicates P < 0.05 vs sham; dagger indicates 
P < 0.05; double dagger indicates P < 0.0001 vs P MI; ^symbol indicates 
P < 0.05 vs E MI; double asterisks indicate P < 0.059 vs T MI. {Adapted 
from Fraccarollo et al. [33]). 
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restore the balance between O 2 demand and 
delivery can lead to salvage of contractile 
tissue. Once cell death has occurred, and 
particularly if there is a transmural 
infarction involving the ventricular apex, 
there is a high likelihood that this initially 
functional distortion of ventricular contour 
will become structural for infarct expansion. 
The distorted ventricle undergoes further 
remodeling as a consequence of heightened 
wall stress on the remaining viable 
myocardium, which leads to further cavity 
enlargement and shape distortion. The latter 
Figure 5-40. Left ventricular remodeling after myocardial infarction (MI). During the insidious process is associated with a greater 

critical initial hours of MI when acute ischemia progresses to true necrosis, regional systolic likelihood of cardiovascular morbidity 

dysfunction is already present. However, in this particularly crucial period, measures to and mortality. 
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Neurohumor AL, Renal, and 
Vascular Adjustments 
IN Heart Failure 

Anju Nohria, Jorge A. Cusco, 
and Mark A, Creager 

Congestive heart failure resulting from left ventricular dysfunction is 
accompanied by peripheral circulatory changes that influence cardiac function 
and contribute to the clinical manifestations of heart failure. Neurohumoral 
systems that modulate both vascular tone and the retention of salt and water 
are activated. These include the sympathetic nervous system, the renin- 
angiotensin-aldosterone system, arginine vasopressin, and the natriuretic 
peptides. In addition, the peripheral circulation undergoes local changes in 
response to heart failure that are fundamental to the pathophysiology of this 
disease state. Such changes include an increased release of endothelin and 
prostaglandins, as well as a possible decrease in the activity of nitric oxide. In 
addition, there may be enhanced local production of angiotensin II. 

Taken together, these systemic and local vasoactive systems modulate 
v'ascular resistance and determine the regional distribution of the cardiac 
output. Whereas blood flow to the limb, kidneys, and splanchnic bed may 
decrease, blood flow to the heart and brain is usually preserved. Diminished 
exercise capacity in patients with congestive heart failure may be due in part to 
chronically diminished limb blood flow and failure to increase blood flow 
normally with metabolic stimulation. Renal hypoperfusion alters intrarenal 
hemodynamics and may contribute to sodium and water retention. 

This chapter reviews the mechanisms in congestive heart failure that 
underlie systemic activation of the sympathetic nerv'ous system, the renin- 
angiotensin system, and circulatory neurohormones such as arginine 
vasopressin and natriuretic peptides. It also focuses on local vasodilator and 
vasoconstrictor mechanisms that are mediated by the endothelium and the 
vascular smooth muscle. 






Mechanisms in Heart Failure 




Figure 6-1. Myocardial injury causes left ventricular (LV) 
dysfunction. This activates or alters a variety of peripheral 
vasomotor mechanisms that are both beneficial (compensatory) 
and deleterious. Vasoconstrictor systems such as the sympathetic 
nervous system, the renin-angiotensin-aldosterone system, 
arginine vasopressin, and endothelin increase afterload and 
contribute to salt and water retention. Vasodilating systems 
such as the natriuretic peptides, the kallikrein-kinin system, nitric 
oxide, and prostaglandins unload the left ventricle and may 
facilitate natriuresis. 



Sympathetic Nervous System 




Figure 6-2. Sympathetic nervous system activity is increased in 
patients with congestive heart failure (CHF). In a substudy of the 
Studies of Left Ventricular Dysfunction (SOLVD) trial, plasma 
norepinephrine was measured in 54 control subjects, 151 patients 
with left ventricular dysfunction but no evidence of CHF 
(prevention group), and 81 patients with left ventricular dysfunction 
and mild to moderate CHF (treatment group). The median plasma 
norepinephrine levels for these groups were 317 pg/ mL, 422 
pg/mL, and 507 pg/mL, respectively (interquartile ranges are 
shown in parentheses). Mean values for plasma norepinephrine 
were significantly higher in patients with left ventricular 
dysfunction compared with those in normal subjects (P = 0.0001). 
Levels were significantly higher in patients with overt heart failure 
compared with those in asymptomatic patients with left ventricular 
dysfunction (P = 0.02). This study demonstrates that sympathetic 
nervous system activation occurs in the early stages of CHF. 

{Adapted from Francis et al [1].) 




Figure 6-3. Sympathetic nerve terminal. Sympathetic nerve activity 
can be measured directly by measuring the electrical activity in 
the peripheral nerves and indirectly by measuring the plasma 
norepinephrine (NE) concentration. Plasma NE is derived from 
sympathetic nerves, but the amount that reaches the circulation 
depends on several processes. Plasma NE can be increased by 
increased nerve release, decreased local uptake, or reduced systemic 
clearance. Neurotransmitter release at the sympathetic neuroeffector 
junction is also modulated locally by a variety of hormones and 
other substances that act on specific receptors located on the 
presynaptic nerve ending. Several a 2 -receptor agonists, including 
NE itself (via a^-adrenergic receptors [a^-AR]), opioids, prostanoids, 
purines, histamine, 5-hydroxytryptamine (5-HT), atrial natriuretic 
factor (ANE), dopamine, and acetylcholine, inhibit NE release. In 
contrast, epinephrine (via P 2 -adrenergic receptors [P 2 -AR]) and 
angiotensin II increase NE release from the neuroeffector junction. 
{Adapted from Vanhoutte and Luscher [2].) 
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Figure 6-4. To determine whether elevated plasma norepinephrine levels in heart 
failure are secondary to increased neural release of norepinephrine, decreased 
clearance, or both, Davis et al. [3] used a radiotracer technique to measure plasma 



norepinephrine levels, spillover, and 
clearance in 18 normal subjects (NL) and 
19 patients with severe New York Heart 
Association functional class III to IV 
congestive heart failure (CHF). Patients 
with CHF had significantly higher 
baseline plasma norepinephrine levels 
(249±20 pg/ mL vs 628±68 pg/ mL; 

P < 0.001). A 73% greater spillover of 
norepinephrine and a 33% reduction in 
clearance were found in the CHF group. 
These studies of norepinephrine kinetics 
demonstrated that both increased 
spillover and decreased clearance 
contribute to the higher norepinephrine 
levels observed in CHF patients. 

{Adapted from Davis et al [3].) 



1 1 1 1 1 1 1 1 1 1 III 1 1 1 1 II III 1 II III III 









Age 27 y 9 bursts Ss 


Age 69 y 42 bursts 5 s 










Age 67 y 2 1 bursts 5 s 


Age 61 y 25 bursts 5 s 


■-‘-I II ■ 1 








1 1 

Age 61 y 16 bursts 5 s 


Age 67 y 38 bursts 5 s 



Figure 6-5. Microneurography. Sympathetic neural activity can 
be measured directly in humans by microneurography. Leimbach 
et al [4] used microneurography for direct recording of intraneural 
sympathetic nerve activity from the peroneal nerve in normal 
subjects and patients with congestive heart failure (CHF). This 
figure illustrates microneurographic recordings from three normal 
subjects (left) and three patients with congestive heart failure 
(r/g/zt). Aburst represents a summation of nerve action potentials 
from multiple fibers. Note the increased sympathetic burst 
frequency in patients with CHF. These data provide further 
evidence that sympathetic nerve activity is increased in patients 
with CHF and that elevated plasma norepinephrine levels occur 
as a consequence of increased sympathetic neural activity. 
{Adapted from Leimbach et al [4].) 
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Figure 6-6. Baroreceptor dysfunction may 
account for increased sympathetic and 
reduced parasympathetic nervous system 
activity in most patients with congestive 
heart failure. Normally, autonomic balance 
is regulated by afferent input from multiple 
peripheral receptors, including baroreceptors 
in the heart, lungs, and great vessels, chemo- 
receptors in the carotid bodies, metabo- 
receptors in skeletal muscle, sensory 
receptors in skin, a variety of visceral 
receptors, and from signals originating in the 
central nervous system. Of these, the 
baroreceptors are the principal modulators 
of sympathetic and parasympathetic activity 
during changes in intravascular volume or 
pressure. Mechanoreceptors in the heart and 
pulmonary vasculature (cardiopulmonary 
baroreceptors) and in the aortic arch and 
carotid sinus (arterial baroreceptors) respond 
to stretch by relaying afferent neural signals 
to the central system via branches of the 
vagus and glossopharyngeal nerves. These 
signals inhibit sympathetic and augment 
parasympathetic efferent activity. In plasma 
volume depletion or hypotension, decreased 
receptor stretch reduces the afferent stimuli, 
thus decreasing parasympathetic activity 
and increasing sympathetic activity. Because 
baroreceptor function is impaired in heart 
failure, inhibitory input from arterial and 
cardiopulmonary baroreceptors is decreased, 
thereby leading to excessive sympathetic 
and reduced parasympathetic activity. 
Abnormal baroreceptor function may also 
facilitate vasopressin release from the neuro- 
hypophysis and stimulate renal release of 
renin. {Adapted from Paganelli et at. [5].) 
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Figure 6-7. Abnormalities in arterial baroreceptor reflex function 
have also been demonstrated in humans. Using a custom-designed 
neck chamber, Sopher et al. [6] applied progressive suction to the 
carotid sinus of healthy subjects and patients with congestive heart 
failure (CHF). Neck suction increases transmural pressure across the 
carotid sinus and simulates an increase in blood pressure, thereby 
stimulating the carotid sinus baroreceptors. The heart rate (R-R 
interval) was measured to assess the reflex response to carotid 
sinus baroreceptor stimulation. The heart rate slowed to a greater 
extent with increasing carotid distending pressure in healthy subjects 
compared with patients with CHF. The operational point {triangle), 
also known as the set point, is the starting or resting point of each 
group on the stimulus response curve. In patients with CHF, the 
operational point was shifted to the left. The shift in the baroreflex 
response curve defines an abnormality in the receptor firing func- 
tion. These findings indicate that in patients with CHF, as shown in 
animal models, carotid sinus baroreceptor reflex function is 
impaired. {Adapted from Sopher et al [6].) 
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Figure 6-8. Cardiopulmonary baroreceptor reflex function in 
humans can be assessed by encasing the lower part of the body in 
a rigid cylinder and subjecting the individual to negative pressure. 
Normally, increasing levels of lower-body negative pressure reduce 
cardiac filling pressures, inhibit cardiopulmonary baroreceptors, 
and increase sympathetic efferent nervous activity, thereby causing 
vasoconstriction. Whereas low levels of lower-body negative 
pressure (-10 mm Hg) selectively unload cardiopulmonary 
baroreceptors, high levels (-40 mm Hg) unload both cardio- 
pulmonary and arterial baroreceptors (by reducing stroke volume 
and blood pressure). Forearm vasoconstriction occurs during 
lower-body negative pressure in normal subjects but not in patients 
with congestive heart failure. These data indicate that cardio- 
pulmonary baroreceptor function is abnormal in patients with 
congestive heart failure, providing additional evidence for a 
mechanism that causes sympathetic activation in these individuals. 
{Adapted from Creager [7].) 
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Figure 6-9. Some forms of therapy for patients with congestive heart failure favorably 
affect baroreceptor function. Ferguson et al. [8] administered a digitalis glycoside, 
lanatoside C, to patients with congestive heart failure and subjected them to lower-body 
negative pressure (LBNP). Before administration of digitalis, LBNP at -10 mm Hg and 
-40 mm Hg caused paradoxical forearm vasodilatation, indicating impaired baroreceptor 
function. After administration of digitalis, LBNP at -10 mm Hg and -40 mm Hg caused 
a more normal forearm vasoconstrictor response. These data suggest that part of the 
beneficial effect of digitalis in patients with congestive heart failure may be secondary to 
improvement in baroreceptor function, leading to withdrawal of sympathetic activity. 
{Adapted from Ferguson et al [8].) 
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Figure 6-10. Baroreceptor unloading may 
affect sympathetic nervous system function 
in patients with congestive heart failure 
(CHF). Kaye ct al. [9] used sodium nitro- 
prusside (SNP) in doses sufficient to 
reduce both cardiac filling pressures and 
arterial pressure in patients with CHR 
Nitroprusside infusion increased total body 
norepinephrine (NE) spillover rate (NESR) 
as well as total NE clearance (A). In 
contrast, nitroprusside decreased cardiac 
NESR (B). These findings indicate a 
differential effect of acute baroreceptor 
unloading on systemic and cardiac 
sympathetic activity in patients with heart 
failure, increasing the former but 
decreasing the latter. The clinical 
implication of these observations is that 
therapeutic interventions that reduce cardiac 
filling pressures would potentially impart a 
beneficial effect on survival by reducing 
cardiac sympathetic efferent activity The 
single asterisk indicates P < 0.05; the double 
asterisk indicates P < 0.01; the triple asterisk 
indicates P < 0.001. {Adapted from Kaye 
et al [9].) 






Figure 6-11. Increased sympathetic 
nervous system activity may contribute to 
the pathophysiology of congestive heart 
failure by multiple mechanisms involving 
cardiac, renal, and vascular function [11]. In 
the heart, increased sympathetic nervous 
system outflow may lead to desensitization 
of postsynaptic (3-adrenergic receptors 
(P-AR), nonuniform depletion of norepi- 
nephrine stores, nonuniform destruction of 
sympathetic innervation, arrhythmias, and 
impairment of diastolic and systolic 
function, and act directly on myocardial 
cells, causing myocyte hypertrophy, 
necrosis, apoptosis, and fibrosis. In the 
kidneys, increased sympathetic activation 
induces arterial and venous vaso- 
constriction, activation of the renin- 
angiotensin system (RAS), increase in salt 
and water retention, and an attenuated 
response to natriuretic factors. In the 
peripheral vessels, neurogenic vaso- 
constriction and vascular hypertrophy are 
induced by increased sympathetic nervous 
activity. {Adapted from Floras [10].) 
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Figure 6-12. Activation of sympathetic nervous system activity, 
as reflected by elevated plasma norepinephrine levels, has been 
associated with a poor prognosis in patients with congestive 
heart failure. Cohn et al [11] measured supine plasma norepi- 
nephrine levels in 106 patients with moderate to severe congestive 
heart failure. A multivariate analysis found that resting plasma 
norepinephrine levels were a significant independent predictor 
of mortality among these patients (P < 0.002). In addition, the 
norepinephrine level was higher in patients who died from 
progressive heart failure (1014 ± 699 pg/ mL) than in those who 
died suddenly (619 ± 238 pg/mL). The figure illustrates predicted 
survival curves for groups of patients with different baseline 
plasma norepinephrine levels. (Adapted from Cohn et al. [11].) 
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Figure 6-13. The renin-angiotensin system is activated in patients 
with congestive heart failure. The major site of release of circula- 
ting renin is the juxtaglomerular apparatus of the kidney, where 
multiple stimuli may contribute to renal release of renin into the 
systemic circulation, including increased renal sympathetic efferent 
activity, decreased distal tubular sodium delivery, reduced renal 
perfusion pressure, and diuretic therapy. Natriuretic peptides (ANP, 
BNP), and vasopressin (dashed arrows) may inhibit the release of 
renin. Renin enzymatically cleaves angiotensinogen, a tetrapeptide 



produced in the liver, to form the inactive decapeptide angiotensin I. 
Angiotensin I is converted to the octapeptide angiotensin II by the 
angiotensin-converting enzyme. Angiotensin II is a potent vaso- 
constrictor; it promotes sodium reabsorption by increasing 
aldosterone secretion and by a direct effect on the tubules, and it 
stimulates water intake by acting on the thirst center. Angiotensin II 
causes vasoconstriction directly and may also facilitate the release 
of norepinephrine by acting on sympathetic nerve endings. 

(Adapted from Paganelli et al [5].) 
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Figure 6-14. Cody and Laragh [12] evaluated the role of the renin-angiotensin system 
in patients with congestive heart failure (CHF). They studied 17 normal subjects in the 
upright position receiving an unrestricted sodium diet; 12 normal upright subjects 
receiving a low-sodium diet (10 mEq); and 52 patients with CHF receiving a low-sodium 
diet (10 mEq), a normal-sodium diet (100 mEq), or diuretics. The mean plasma renin 
activity in CHF did not differ significantly from that of normal subjects whose plasma 
renin activity was stimulated by upright position and a low-sodium diet. Nevertheless, 
many of the patients with CHF had marked elevation of plasma renin activity, as 
suggested by this logarithmic scale. {Adapted from Cody and Laragh [12].) 
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Figure 6-15. In the Studies of Left Ventricular Dysfunction (SOLVD), 
activation of the renin-angiotensin system was evaluated in patients 
with asymptomatic left ventricular dysfunction or mild congestive 
heart failure. Plasma renin activity was measured in 
56 control subjects, 151 patients with left ventricular dysfunction but 
no evidence of congestive heart failure (prevention group), and 
80 patients with left ventricular dysfunction with mild to moderate 
congestive heart failure (treatment group). The median plasma 
renin activity was 0.60 ng/mL/h in the prevention group and 1.4 
ng/ mL/h in the treatment group (interquartile ranges are shown in 
parentheses). Mean values for plasma renin activity were margiiaally 
increased in the prevention group compared with those in normal 
subjects. When the data were reanalyzed according to diuretic use, 
plasma renin activity was normal in patients in both the prevention 
and the treatment groups not taking diuretics. Therefore, there was 
no increase in the plasma renin activity in patients with asymptom- 
atic left ventricular dysfunction or mild congestive heart failure who 
were not receiving diuretics. {Adapted from Francis et al. [1].) 




Figure 6-16. Tissue renin-angiotensin 
systems. In addition to the hormonal 
effects of circulating angiotensin, many or 
all components of the renin-angiotensin 
system are present in several organs, 
including the heart, blood vessels, kidney, 
brain, and adrenal glands. Angiotensin 
produced within these tissues may act in a 
paracrine or autocrine manner to regulate 
cellular function, independent of the 
circulating hormone. 
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POTENTIAL CONTRIBUTIONS OF THE CARDIAC 
RENIN-ANGIOTENSIN SYSTEM TO THE 
PATHOPHYSIOLOGY OF HEART FAILURE 
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Figure 6-17. Potential effects of the cardiac renin-angiotensin 
system on the pathophysiology of heart failure. The direct effects 
of angiotensin II on cardiac tissue include increased inotropy, 
decreased lusitropy, and coronary artery vasoconstriction. These 
effects may secondarily promote dysrhythmias and cause sub- 
endocardial ischemia. There is also evidence (see Chapter 4) 
that angiotensin contributes to myocardial hypertrophy and 
remodeling by acting directly on cardiac myocytes and 
fibroblasts. (Adapted from Hirsch et ah [13].) 




Figure 6-18. Distribution of the renin-angiotensin system 
components within the blood vessel wall. Angiotensinogen can 
be found in the adventitia and media. Renin, either synthesized 
locally or taken up from the circulation, has been found in the 
media and endothelium. Angiotensin-converting enzyme (ACE) 
has been localized in the media and endothelium. Thus, all of 
the components necessary for the generation of angiotensin are 
present in the vessel wall [14]. 
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Figure 6-19. Potential contributions of the 
vascular renin-angiotensin system to the 
pathophysiology of heart failure. These 
contributions include decreased 
compliance, increased regional and 
systemic vascular resistance, and venocon- 
striction. Decreased compliance and 
increased resistance are due to both vaso- 
constriction and structural remodeling. 
(Adapted from Hirsch et al [13].) 




Figure 6-20. Despite angiotensin-converting enzyme (ACE) 
inhibitor therapy, aldosterone levels often remain elevated in 
patients with heart failure. Jorde et al. [15] measured plasma 
aldosterone levels and the degree of ACE inhibition in 34 patients 
with mild-to-moderate heart failure who were treated with 
maximal doses of ACE inhibitors. The ratio of the pressor response 
to angiotensin II (All) to the pressor response to angiotensin I (Al) 
was used to measure the degree of ACE inhibition. An AII/AI 
ratio of less than or equal to 0.05 indicates complete ACE 
inhibition. Seven of 11 patients had elevated plasma aldosterone 
levels (> 15 ng/ dL) despite complete ACE inhibition. This 
"escape" phenomenon is mediated primarily by potassium- 
dependent aldosterone secretion that is independent of 
angiotensin concentration. Additionally, high plasma cortisol 
concentrations in heart failure may contribute to increased 
aldosterone secretion. (Adapted from Jorde et al. [15].) 
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Figure 6-21. Aldosterone contributes 
significantly to structural remodeling in 
congestive heart failure. Elevations in 
circulating aldosterone result in proliferation 
of fibroblasts, and subsequent vascular 
remodeling of atria, ventricles, the great 
vessels, and other organs. A-D, Thirty-seven 
patients with mild-to-moderate congestive 
heart failure were randomly assigned to 
receive 4 weeks of spironolactone {n = 20) or 
placebo {n = 17). Plasma procollagen type 111 
aminoterminal peptide (PlllNP), a marker 
of myocardial fibrosis, and left ventricular 
volume (LVEDI) and mass (LVMI) indices 
decreased with spironolactone treatment. 
Left ventricular ejection fraction (LVEE) 
increased in the spironolactone group. 
Asterisk indicates P < 0.05. Dagger indicates 
P < 0.01. {Adapted from Tsutamoto et al. [16].) 




Figure 6-22. Results from the Randomized Aldactone Evaluation Study (RALES). 

RALES showed a 30% overall reduction in the risk of death among patients treated with 
spironolactone. A substudy evaluating 261 patients from RALES showed that high 
baseline procollagen type II amino-terminal peptide (PIIINP) levels were associated 
with increased mortality. Although spironolactone did not alter mortality in patients 
with low baseline serum PIIINP levels, it significantly reduced mortality in patients with 
high baseline serum PIIINP levels compared with placebo. These results suggest that 
limitation of excessive extracellular matrix turnover may be one of the extrarenal 
mechanisms contributing to the beneficial effects of aldosterone antagonism in heart 
failure. {Adapted from Zannad et at. [17].) 
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Figure 6-23. Components of the intrarenal 
renin-angiotensin system. These com- 
ponents contribute to the regulation of 
renal hemodynamic function and sodium 
reabsorption. Angiotensinogen, renin, 
angiotensin-converting enzyme (ACE), and 
angiotensin II receptors are found in many 
portions of the kidney, including blood 
vessels, the glomerulus, and the proximal 
tubules. {Adapted from Dzau [18].) 
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Figure 6-24. The contribution of the renin-angiotensin system to 
abnormal renal hemodynamics and sodium excretion in patients 
with congestive heart failure. The angiotensin-converting enzyme 
inhibitor captopril was administered to 12 patients with congestive 
heart failure. Captopril increased renal plasma flow but had no 
effect on glomerular filtration rate. Therefore, the filtration fraction, 
representing the ratio of glomerular filtration rate to renal plasma 
flow, decreased. In heart failure, renal sodium avidity is associated 



with a high filtration fraction, which has been postulated to 
increase peritubular oncotic pressure. After use of captopril, a 
decrease in filtration fraction, as well as a decrease in the plasma 
concentration of aldosterone, contributes to the increase in 
urine sodium excretion. These findings indicate that the renin- 
angiotensin system contributes importantly to renal vasocon- 
striction and sodium retention in patients with heart failure. 
{Adapted from Creager et al [19].) 
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Figure 6-25. Stimuli to the release of prostaglandins and renin. 
Renal hypoperfusion, sodium depletion, and diuretics are potent 
stimuli for the release of both renin and prostaglandins from the 
kidney. The release of renal prostaglandins constitutes an adaptive 
response that counteracts the deleterious effects of the renin- 
angiotensin system in patients with congestive heart failure. The 
opposing effects on systemic vascular resistance and sodium and 
water excretion are also shown. {Adapted from Packer [20].) 
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Figure 6-26. Arginine vasopressin is a 
peptide synthesized by the hypothalamic 
magnocellular neurons of the supraoptic 
and paraventricular nuclei, and is released 
into the circulation by axon terminals of the 
posterior pituitary gland. Osmotic and 
nonosmotic stimuli modulate vasopressin 
release. Whereas stimulation of hypo- 
thalamic osmoreceptors and elevated 
concentrations of angiotensin II stimulate 
vasopressin release, baroreceptor activation 
and natriuretic peptides (ANP, BNP) inhibit 
vasopressin secretion. Vasopressin acts at 
the tissue level by binding to specific 
receptors. It causes vasoconstriction via 
vasopressin-1 receptors and renal reab- 
sorption of water, renal secretion of renin, 
and synthesis of renal prostaglandins via 
vasopressin-2 receptors. In addition, 
vasopressin may mediate vasodilatation via 
vasopressin-2 receptors by increasing the 
release and synthesis of nitric oxide and 
vasodilator prostaglandins. Vasopressin 
also sensitizes baroreceptors, and thus may 
cause vasodilatation by withdrawing 
sympathetic activity. 




Figure 6-27. Plasma vasopressin in patients with heart failure. Francis ct al. [21] 
measured basal levels of arginine vasopressin (AVP) in 31 patients with advanced 
congestive heart failure (CHF) and 11 age-matched normal control subjects. The mean 
vasopressin level was 9.5 ± 0.89 pg/ mL in the CHF group compared with 4.7 ± 0.66 
pg/mL in the control group (P < 0.001). {Adapted from Francis et al. [21].) 
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Figure 6-28. In a substudy of the Studies of Left Ventricular Dysfunction (SOLVD), 
arginine-vasopressin (AVP) levels were measured in patients with asymptomatic left 
ventricular dysfunction (ALVD) or mild congestive heart failure. Plasma AVP levels were 
measured in 54 control subjects, 147 patients with ALVD (prevention group), and 80 
patients with left ventricular dysfunction and mild congestive heart failure (treatment 
group). The median plasma AVP was 1.9 pg/ mL in the control group, 2.2 pg/ mL in the 
prevention group, and 3.0 pg/ mL in the treatment group (interquartile ranges are shown 
in parentheses). Mean values for plasma AVP were significantly higher in patients with 
left ventricular dysfunction compared with normal control subjects and significantly 
higher in patients with overt heart failure compared with patients with ALVD. {Adapted 
from Francis et ah [1].) 
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Figure 6-29. The relative contributions of the sympathetic nervous system, renin-angiotensin 
system, and arginine-vasopressin (AVP) system to systemic vascular resistance in patients with 
congestive heart failure (CHF) was studied by adrninistering an antagonist of each system. 



The hemodynamic responses to a VI AVP 
antagonist, an angiotensin-converting enzyme 
inhibitor (captopril), and an a-receptor 
antagonist (phentolamine) in 10 patients with 
CHF are shown. The AVP antagonist had 
relatively little effect on systemic vascular 
resistance and cardiac function. In contrast, 
both phentolamine and captopril caused 
significant decreases in systemic vascular 
resistance and, consequently, increases in 
stroke volume and cardiac output. The effect 
of phentolamine was more profound than 
that of captopril. These findings suggest 
that of these three neurohormonal systems, 
the sympathetic nervous system activity 
contributes the greatest amount to vasocon- 
striction in patients with CHF. Whereas the 
renin-angiotensin system is also important, 
vasopressin probably contributes little to 
vasoconstriction in most patients with 
CHF. Vasopressin may contribute to vaso- 
constriction in heart failure only when the 
levels are extremely high. {Adapted from 
Credger et ah [22].) 
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Figure 6-30. Renal effects of arginine vasopressin (AVP) in congestive heart failure. AVP 
prevents diuresis by activating V2 receptors on the basolateral surface of the principal cells 
in the collecting duct. Activation of these receptors leads to the translocation of aquaporin-2 
water channels from cytoplasmic vesicles to the apical surface of the collecting duct. These 
channels then allow water molecules to traverse the apical membrane in response to the 



osmotic gradient generated by the urinary 
countercurrent mechanism. In congestive 
heart failure (CHF), elevated levels of AVP 
lead to increased aquaporin-2 synthesis and 
translocation leading to inappropriate 
urinary concentration, even in the setting of 
hyponatremia. Aquaporin-2 urinary 
excretion reflects increased aquaporin-2 
translocation and is elevated in CHF. Martin 
et al. [23] assessed the effect of an oral, non- 
peptide V2 receptor antagonist on 
aquaporin-2 excretion (A) and free water 
clearance (B) in 21 patients with CHF. The 
V2 receptor antagonist (n-15) decreased 
aquaporin-2 excretion in a dose-dependent 
manner compared with placebo {n-6; A). 
Solute-free water-excretion was negative at 
baseline, confirming the water retentive 
state of CHF. Although free water excretion 
increased over time in both drug and 
placebo arms, it was positive only in the V2 
receptor antagonist- treated group (B; the 
response to the 250-mg dose is shown). 
These results demonstrate that AVP 
secretion contributes significantly to the 
water retention seen in CHF. Asterisk 
indicates P<0.05. {Adapted from Martin 
et al. [23].) 






Figure 6-31. Renal effects of tolvaptan, a V2-receptor antagonist 
in heart failure. A total of 254 chronic heart failure patients 
were randomly assigned to placebo or three doses of tolvaptan. 
Tolvaptan significantly increased urine volume (A) and urine 
sodium excretion (B) and decreased urine osmolality (C) after 1 



day of treatment. No dose-dependent effects were seen. These 
data provide further confirmation that arginine vasopressin 
contributes to the water retention seen in heart failure. The 
asterisk indicates P < 0.05 compared with placebo. {Adapted from 
Gheorghiade et al. [24].) 
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Figure 6-32. The natriuretic peptide family. The natriuretic peptides include atrial natriuretic 
peptide (ANP), brain natriuretic peptide (BNP), C-type natriuretic peptide (CNP), and 



urodilatin. ANP is derived from a 
prohormone composed of 126 amino acids, 
and it is secreted primarily from cardiac 
atria. The prohormone is cleaved to an 
N-terminal fragment (ANPl-98) and a C- 
terminal fragment (ANP99-126). BNP, 
identified initially in brain, is secreted from 
both atria and ventricles, particularly the 
latter. CNP has been identified primarily in 
brain but is also present in vascular 
endothelial cells. Urodilatin, or ANP95-126, 
is found in urine. Stretch receptors in the 
atria and ventricles detect changes in 
cardiac chamber volume related to increased 
cardiac filling pressures, resulting in release 
of both ANP and BNP but not CNP. The 
natriuretic peptides are inactivated by 
neutral endopeptidases. The actions of 
the natriuretic peptides are mediated by 
natriuretic peptide receptors (NPRs), 
designated NPR- A, NPR-B, and NPR-C. 
Both NPR-A and NPR-B are particulate 
guanylate cyclases, activation of which 
increases levels of cGMP Natriuretic peptide 
receptors have been localized in vascular 
smooth muscle, endothelium, platelets, the 
adrenal glomerulosa, and the Wdney. ANP 
and BNP increase urine volume and sodium 
excretion, decrease vascular resistance, and 
inhibit release of renin and secretion of 
aldosterone and vasopressin. CNP reduces 
vascular resistance but despite its name does 
not have natriuretic properties. {Adapted from 
Wilkins et al. [25].) 




Figure 6-33. Plasma immunoreactive atrial natriuretic factor (irANF) and congestive 
heart failure (CHF). Cody et al, [26] measured plasma irANF in 70 normal subjects and 
31 patients with CHF. Plasma irANF was 11 ± 0.9 fmol/ mL in normal subjects and 71 ± 9.9 
fmol/ mL in patients with CHF (P < 0.01). These results demonstrate a significant elevation 
of circulating atrial natriuretic factor in patients with CHF. Despite high circulating levels of 
ANF, patients with CHF demonstrate marked sodium retention, possibly reflecting down- 
regulation of ANF receptors or a persistent imbalance between ANF and opposing 
mechanisms. {Adapted from Cody et al [26].) 
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Figure 6-34. In the Studies of Left Ventricular Dysfunction (SOLVD), atrial natriuretic 
factor (ANF) levels were measured in patients with asymptomatic left ventricular (LV) 
dysfunction and mild congestive heart failure. Plasma ANF was measured in 54 control 
subjects, 147 patients with LV dysfunction but no evidence of congestive heart failure 
(prevention group), and 80 patients with mild congestive heart failure (treatment group). 
The median ANF level was 48 pg/mL in the control group, 103 pg/ mL in the prevention 
group, and 146 pg/ mL in the treatment group (interquartile ranges are shown in 
parentheses). Mean values for plasma ANF were significantly higher in patients with LV 
dysfunction compared with normal control subjects and were higher in the treatment arm 
compared with the prevention. Thus, increased release of ANF may be an early response to 
LV dysfunction. {Adapted from Francis et al. [1].) 
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Figure 6-35. Measurement of natriuretic 
peptides in patients with heart failure. The 
prognostic information derived from 
measurement of natriuretic peptides m 
patients with heart failure was assessed by 
Tsutamoto et al [27]. Plasma levels of atrial 
natriuretic peptide (ANP), brain natriuretic 
peptide (BNP), cGMP, and norepinephrine 
(NE) were measured in 85 patients with 
chronic congestive heart failure who were 
followed for 2 years. The concentrations of 
ANP, BNP, cGMP, and norepinephrine 
Increased proportionally with the functional 
severity of heart failure. In a Kaplan-Meyer 
analysis of the cumulative rates of survival in 
patients with heart failure stratified Into two 
groups on the basis of the median plasma 
concentration of BNP (73 pg/ mL), it was 
shown that survival was significantly worse 
m the group with the higher plasma BNP 
levels. A stepwise multivariate analysis, 
which included ANP, BNP, NE, New York 
Heart Association (NYHA) functional class, 
selected hemodynamic indices, and 
demographic features found that only a high 
concentration of plasma BNP (P < 0.0001) 
and pulmonary capillary wedge pressure 
(P = 0.003) were significant independent 
predictors of mortality. {Adapted flvm 
Tsutamoto H ^/. [27].) 
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Figure 6-36. Neurohormonal effects of 
endogenous natriuretic peptides. Infusion of 
1 mg/kg of HS-142-1, a specific natriuretic 
peptide receptor antagonist, decreased 
plasma cGMP levels in dogs with pacing- 
induced heart failure confirming inhibition 
of endogenous natriuretic peptides (A). The 
levels of other neurohormones including 
norepinephrine (NE), plasma renin activity 
(PRA), and aldosterone increased with HS- 
142-1 infusion (B-D). These results suggest 
that endogenous natriuretic peptides 
attenuate the activity of the sympathetic and 
renin-angiotensin-aldosterone systems that 
are upregulated in heart failure. Thus, 
natriuretic peptides act as compensatory 
neurohormones in congestive heart failure. 
The asterisk indicates P < 0.01; the dagger 
indicates P < 0.05. {Adapted from Wada 
et al [28].) 







Figure 6-37. Urinary effects of endogenous 
natriuretic peptides. Infusion of escalating 
doses of the natriuretic peptide A receptor 
antagonist, HS-142-1, decreased urinary 
volume (Uvol; A) and urinary sodium 
(UNa; B) excretion in a dose-dependent 
manner. Glomerular filtration rate (GFR; C) 
and renal plasma flow (RPF; D) were 
unaffected. Other studies have shown a 
very high density of natriuretic peptide 
receptors in the inner medulla of the 
kidney. Natriuretic peptide-induced 
natriuresis and diuresis are mainly due to a 
reduction in the reabsorption of salt and 
water in the inner medullary collecting 
ducts. Natriuretic peptides also reduce salt 
and water reabsorption in other parts of the 
nephron by antagonizing the renin- 
angiotensin-aldosterone system. The 
asterisk indicates P < 0.05 relative to 
baseline; the dagger indicates P < 0.05 
relative to vehicle. {Adapted from Wada 
et al [28].) 
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Figure 6-38. Adrenomedullin (ADM). A peptide with 
vasodilating and natriuretic properties, ADM was initially isolated 
from extracts of human pheochromocytoma. It is present in heart, 
kidney, vascular smooth muscle, and endothelial cells. Jougasaki ct 
al. [29] measured circulating ADM levels in normal subjects and in 
patients with congestive heart failure, and found that the plasma 
concentration of ADM increased as the severity of heart failure 
worsened. Moreover, the study demonstrated evidence 
of cardiac secretion of ADM based on measurement of plasma 
samples obtained in the aorta, coronary sinus, and anterior inter- 
ventricular vein. This study raises the possibility that ADM may 
participate in the regulation of vascular function and sodium 
excretion in patients with heart failure. NYHA — New York Heart 
Association. {Adapted from Jougasaki ct at. [29].) 



Figure 6-39. Hemodynamic and renal effects of adrenomedullin 
in heart failure. Nagaya ct al. [30] studied the effects of a 30-minute 
infusion of adrenomedullin (ADM) at 0.05 pg/kg/ min in seven 
healthy volunteers and seven patients with congestive heart 
failure (CHF). ADM increased heart rate (HR) and cardiac index 
(Cl) and decreased mean arterial pressure (MAP) and pulmonary 
capillary wedge pressure (PCWP) in both groups. Mean 
pulmonary artery pressure (MPAP) was decreased from baseline 
only in the CHF group. ADM also increased urinary volume 
(Uvol) and urinary sodium (UNa) without affecting creatinine 
clearance in CHF patients. These results suggest that ADM may 
improve vascular function and sodium and water excretion in 
heart failure. ADM has been shown to increase cAMP levels in 
platelets, cultured vascular smooth muscle cells, and plasma, and 
may exert its vasodilatory effects via a cAMP-dependent 
mechanism. It has also been shown to increase cardiac cAMP, 
mediating the downstream positive inotropic effects of |3- 
adrenergic receptors. The urinary effects of ADM can be attributed 
to increased cAMP levels in the cortical thick ascending limb and 
distal convoluted tubule resulting in direct inhibition of tubular 
sodium reabsorption. Furthermore, ADM induced suppression of 
aldosterone may contribute to its natriuretic effect. The asterisk 
indicates P < 0.05. {Adapted from Nagaya et al. [30].) 
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Figure 6-40. Endothelin, a 21 -amino-acid peptide hormone, 
is a potent endogenous vasoconstrictor substance produced by 
endothelial cells. Preproendothelin, a 203-amino-acid peptide, 
is the endothelin precursor. Initial cleavage by endogenous 
endopeptidases forms a 39-amino-acid residue called proendothelin 
or big endothelin, which is then cleaved to the active endothelin -1 
by an endothelin-specific converting enzyme. This enzyme is 
predominantly bound to the cell membrane but is also present 
within the cytoplasm. C — carboxyl terminal; N — amino terminal. 
{Adapted from Yanagisawa et al [31].) 



Figure 6-41. Endothelin exerts its action via binding with a 
specific receptor on the cell membrane, which is linked via 
guanine nucleotide regulatory binding proteins (G proteins) to 
stimulation of phospholipase C (PLC) and opening of voltage- 
dependent calcium channels. Activation of PLC degrades phos- 
phoinositide to form inositol trisphosphate (IP 3 ) and diacylglycerol 
(DAG), second messengers that release calcium from intracellular 
stores and promote the activation of protein kinase C (PKC), 
respectively. {Adapted from Masaki et al [32].) 
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Figure 6-42. Summary of the stimuli 
for endothelin secretion and effects of 
endothelin in several organs. Mechanical 
(shear stress) and humoral (thrombin, 
angiotensin II, vasopressin, epinephrine, 
calcium ionophore A23187) stimuli may 
cause the release of endothelin-1 (ET-1). 
Endothelin increases circulating levels of 
atrial natriuretic factor (ANE), vasopressin, 
and aldosterone. It also modulates renin 
release. Endothelin has a positive inotopic 
effect and produces coronary and systemic 
vasoconstriction. These responses produce an 
increase in blood pressure that is associated 
with a reflex decrease in heart rate. ET-1 
constricts human pulmonary resistance 
vessels and has a potent bronchoconstrictor 
effect. Eurthermore, ET-1 causes renal vaso- 
constriction, leading to a reduction in renal 
blood flow (RBE) and glomerular filtration 
rate (GER) and a decrease in urinary sodium 
excretion (UNaV). (Adapted from Underwood 
ctal [33].) 
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and paracrine hormone rather than a 
circulating hormone. In an canine model 
of pacing-induced heart failure, ET-1 
tissue concentrations and preproen- 
dothelin (prepro ET-1) gene expression in 
the lung, heart, and kidney in heart failure 
were compared with the levels in normal 
controls. ET-1 tissue concentrations (A) 
were significantly increased in the lung, 
left ventricle (LV), and kidney, while 
prepro-ETl mRNA expression (B) was 
significantly increased only in the lung 
and left atrium (LA). This suggests that 
ET-1 exerts its effects in the lung in an 
autocrine fashion, in the LV as a paracrine 
hormone, and in the kidney as a 
circulating hormone. The asterisk indicates 
P< 0.05. The daggers indicate P< 0.01. 
{Adapted from Luchner et al. [34].) 



Figure 6-43. Tissue-specific distribution of endothelin-1 (ET-1) in congestive heart 
failure (CHE). Endothelin-1 is believed to exert its effects predominantly as an autocrine 




Figure 6-44. Cody et al. [35] measured immunoreactive circulating 
endothelin-1 in 12 normal control subjects and in 20 patients with 
congestive heart failure (CHE). Plasma endothelin-1 was 3.7 ± 0.6 
pg/ mL in the control group and 9.1 ± 4.1 pg/ mL in the CHE group. 
Increased endothelin synthesis by angiotensin I and vasopressin 
stimulation, and decreased endothelin clearance may contribute to 
the increased plasma endothelin levels in CHE. Of note, there 
was a strong positive correlation between endothelin levels and the 
severity of pulmonary hypertension. {Adapted from Cody et al [35].) 
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Figure 6-45. Rodeheffer et al. [36] measured plasma endothelin in 
71 normal subjects, 24 patients with mild congestive heart failure 
(CHF), and 32 patients with severe CHF. The mean plasma 
concentration of endothelin was 7.1 ± 0.1 pg/ mL in the control 
group, 11.1 ± 0.7 pg/ mL in the mild heart failure group, and 
13.8 ± 0.9 pg/ mL in the severe heart failure group. These data 
demonstrate that plasma endothelin is significantly increased in 
patients with CHE and that the level is correlated with the severity 
of the disease. NYHA — New York Heart Association. {Adapted from 
Rodeheffer et al. [36].) 




Figure 6-46. The prognostic implications of endothelin-1 for 
patients with congestive heart failure. Pacher et al. [37] measured 
plasma big endothelin-1 (Big ET) concentrations and 16 clinical, 
hemodynamic, and neurohumoral variables in 113 patients with 
left ventricular ejection fraction (LVEF) less than 20%, and related 
these to 1-year mortality. Of the 113 patients, there were 58 1-year 
survivors, 29 nonsurvivors, and 26 heart transplant recipients. 
Plasma Big ET concentrations were lower in 1-year survivors than in 
nonsurvivors (2.6 ± 0.1 vs 5.9 ± 0.4 fmol/mL; P = 0.0001). 

Cumulative rates of survival over 1 year in 87 patients with severe 
chronic heart failure (excluding 26 transplant recipients) were 
stratified into two groups according to Big ET concentration. 

Survival rates were significantly lower in the patients whose plasma 
endothelin-1 levels were greater than 4.3 fmol/mL. By multivariate 
analysis — considering plasma endothelin-1 concentration, functional 
class, furosemide dose, LVEF, hemodynamic variables, and plasma 
atrial natriuretic peptide, renin activity, and aldosterone levels — only 
plasma Big ET and functional class predicted 1-year mortality 
(P < 0.0001). {Adapted from Pacher et al [37].) 
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Figure 6-47. Vascular endothelial cells 
synthesize both vasodilators (nitric oxide 
[NO] and prostacyclin) and vasocon- 
strictors {eg, endothelin and vasocon- 
strictor prostanoids). NO is released in 
response to a wide variety of stimuli 
(acetylcholine, norepinephrine, 
vasopressin, thrombin, endothelin, ATP, 
serotonin, bradykinin, calcium ionophore 
A23187). NO is derived from the 
metabolism of the amino acid L-arginine, a 
reaction that is catalyzed by the enzyme 
NO synthase and requires the presence of 
calcium, NADPH (nicotinamide adenine 
dinucleotide phosphate), tetrahydro- 
biopterin (BH^), and calmodulin as 
cofactors. NO synthase is competitively 
inhibited by L-arginine analogues. NO is 
released from the endothelium either as a 
free radical or combined with a carrier 
molecule. NO activates the vascular 
smooth muscle-soluble enzyme guanylate 
cyclase, increases cGMP, and thereby 
causes vasodilation. 
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Figure 6-48. Endothelium-dependent relaxation of the coronary 
arteries in congestive heart failure. Treasure et al [38] studied the 
coronary blood flow responses to serial infusions of acetylcholine 
and adenosine in seven normal subjects and eight patients with 
dilated cardiomyopathy (DCM). Infusion of acetylcholine produced 
a dose-dependent increase in coronary blood flow in normal subjects 
but not in patients with congestive heart failure. Infusion of adenosine 
produced a dose-dependent increase in coronary blood flow in both 
groups. Thus, endothelium-dependent vasodilatation was signifi- 
cantly diminished in heart failure patients, but the maximal vasodi- 
lator response to adenosine was similar in both groups. {Adapted from 
Treasure et al [38].) 




Methacholine, Nitroprusside, 

[ig/min [ig/min 



Figure 6-49. Abnormal endothelium-dependent relaxation of 
forearm resistance vessels in patients with congestive heart failure 
(CHF). Kubo et al [39] measured the forearm blood flow (FBF) 
response to methacholine, an endothelium-dependent vasodilator, 
and nitroprusside, an endothelium-independent vasodilator, in 
eight normal subjects and in 10 patients with CHF. There was 
a significant decrease in the response to methacholine in heart 
failure patients compared with normal subjects. There was no 
significant difference in the response to nitroprusside. These data 
suggest that endothelium-dependent relaxation is impaired in 
patients with CHF {Adapted from Kubo et al. [39].) 



ATLAS OF HEART FAILURE: CARDIAC FUNCTION AND DYSFUNCTION 

122 



POTENTIAL MECHANISMS FOR IMPAIRED 
ENDOTHELIUM-MEDIATED VASODILATION 
IN HEART FAILURE 



ImpairecI endothelial I cell receptor function or pcjst receptor signaling 

Def I c i e n cy of i -a rg i n i n e so bst ra te 

Abnormal nitric oxide synthase expression or function 

Deficient err abnormal nitric oxide synthase cofactors 

Impaired release or diffusion of EDRF 

I nc rea sed degra d at i o n of E D R F 

Cone o n^ i t a n t rel ea se of E DC Fs 

Abnormal cGMP or cCMP-dependent protein phosphorylation 
Nonspecifically impaired smooth muscle vasodilator response 



Figure 6-50. Potential mechanisms for impaired endothelium- 
mediated vasodilatation in heart failure. The postulated mechanisms 
for impaired endothelium-mediated vasodilation include impaired 
endothelial cell receptor function or postreceptor signaling; 
deficiency of L-arginine substrate; abnormal nitric oxide (NO) 
synthase expression or function; deficient or abnormal nitric oxide 
synthase cofactor, such as calcium, calmodulin, or NADPH; impaired 
release or diffusion of NO; increased degradation of NO, 
concomitant release of endothelium-derived contracting factors 
(EDCFs), such as thromboxane A 2 and prostaglandin H 2 ; abnormal 
cGMP or cGMP-dependent protein phosphorylation; or a 
nonspecifically impaired smooth muscle vasodilator response. 

EDRF — endo^elium-derived relaxing factor. {Adapted from 
Kubo and Bank [40].) 




Figure 6-51. Increase in shear stress, as occurs when flow is 
accelerated, stimulates the release of endothelium-derived nitric 
oxide from blood vessels. Flow-mediated, endothelium- 



dependent vasodilation, as assessed by vascular ultrasonography, 
is reduced in limb arteries of patients with congestive heart failure 
(CHF). Hornig et al. [41] studied the effect of physical training on 
flow-mediated endothelium-dependent vasodilation in patients 
with heart failure and age-matched healthy subjects. Flow- 
mediated vasodilation, induced by reactive hyperemia, was 
assessed in each group of subjects before and after 
administration of the nitric oxide synthase antagonist, 
N^-monomethyl-L-arginine (l-NMMA). Measurements were 
made at baseline, after 4 weeks of handgrip training, and 6 weeks 
after the training program was discontinued. Prior to training, 
flow-mediated vasodilation was reduced in patients with heart 
failure compared with healthy subjects (8.6% ± 0.9% vs 13.5% ± 
0.7%; P<0.05). After 4 weeks of handgrip training, flow-mediated 
vasodilation in the patients with heart failure increased to 13.6% ± 
0.9%. After training, the portion of flow-mediated vasodilation 
inhibited by l-NMMA was significantly increased compared with 
baseline and was similar to that observed in healthy subjects. 
These findings indicate that physical training improves flow- 
mediated vasodilation in patients with CHF, most likely by 
enhancing endothelial release of nitric oxide. Asterisks indicate 
P < 0.05 versus corresponding value before l-NMMA. {Adapted 
from Hornig et al [41].) 
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Figure 6-52. Oxidative stress contributes to endothelial dysfunction in congestive heart failure 
(CHF). Oxidative stress is increased in CHF. The NADPH-NADH oxidase system in 
endothelial cells, smooth muscle cells, and phagocytes has been suggested as a source of 
increased oxygen free radicals in CHF These free radicals can contribute to endothelial 
dysfunction by reducing nitric oxide (NO) synthase activity and by inactivating NO to form 



peroxynitrite. Homig ct al [42] demonstrated 
the contribution of oxidative stress to 
endothelial dysfunction by administering 
the antioxidant, vitamin C, intravenously in 
10 patients with CHF and five healthy 
controls. They evaluated flow-mediated 
endothelium-dependent vasodilatation 
(FMD) induced by reactive hyperemia at 
baseline and in the presence of N- 
monomethyl-L-arginine (l-NMMA), an NO 
synthase antagonist. These measurements 
were repeated in both groups after intra- 
arterial infusion of vitamin C. FMD was 
impaired at baseline in the CHF group 
compared with normal controls (8.42% vs 
12.9%). l-NMMA decreased flow-mediated 
vasodilatation to a lesser extent m the CHF 
group than in controls (4.2% vs 8.4%), 
indicating reduced bioavailability of NO in 
CHF. After the administration of vitamin C, 
FMD was restored to normal levels in the 
CHF group and was then suppressed by the 
addition of l-NMMA. These results suggest 
that vitamin C, by restoring NO, improves 
endothelial function in CHF via its 
antioxidant effects. Asterisk indicates 
P < 0.01. {Adapitcd from Hornig et al [42].) 




Figure 6-53. Reduced NO bioavailability leads to endothelial dysfunction in heart failure. 
NO mediates its effects via cGMP. Degradation of cGMP occurs via phosphodiesterases 
and type 5 phosphodiesterase is the predominant isozyme that contributes to regulation 
of cGMP content in vascular smooth muscle. Acute type 5 phosphodiesterase inhibition 
with 25 or 50 mg of sildenafil increased flow-mediated vasodilation significantly in 
48 patients with heart failure. These data suggest that in addition to therapies aimed 
at increasing NO bioavailability, increasing cGMP levels might also lead to improved 
endothelial function in heart failure. The asterisk indicates P < 0.05. {Adapted from 
Katzetal [43].) 
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Figure 6-54. Distribution of regional blood flow at rest in normal subjects and in patients 
with congestive heart failure (CHF). The net effect of the various vasoconstricting and 
vasodilating systems that are activated in CHF is to redistribute the cardiac output. 
{Adapted from Zelis et al [44].) 




Figure 6-55. Peripheral blood flow is determined by the interaction 
of multiple factors. These factors include sympathetic efferent 
activity (modulated by baroreceptors, chemoreceptors, and somatic 
receptors), cholinergic efferent activity, humoral factors (such as 
nitric oxide [NO]), local factors (such as endothelium-derived 
relaxing factor [EDRF], endothelin, angiotensin II, prostaglandins, 
and kinins), mechanical factors (such as muscle activity and 
cutaneous thermoregulation), and autoregulatory mechanisms 
(including myogenic reflexes and metabolism-induced responses). 
Increased sympathetic efferent activity modulated by blunted baro- 
receptors, systemic increases in angiotensin II and vasopressin, local 
increases in endothelin and prostaglandins, local reduction of NO, 
and mechanical factors, such as increased arterial wall sodium and 
extravascular tissue edema, all contribute to the decreased 
peripheral blood flow associated with congestive heart failure [45]. 
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Assessment of Heart Failure 



James B. Young 

The clinical syndrome of heart failure may result from cardiac disease of many 
different etiologies. It reflects both the primary hemodynamic abnormalities 
caused by cardiac dysfunction and the consequences of multiple secondary 
compensatory systems {eg, vasoconstriction, neurohormonal activation, 
metabolic imbalance). Not surprisingly, the clinical manifestations of heart failure 
show a striking heterogeneity and, consequently, the clinical assessment of 
patients with heart failure is among the most challenging in medicine [1-3]. 

Traditionally, physicians have looked for symptoms and signs that reflect 
abnormal fluid retention or organ congestion [4,5], Although many patients 
present with these “congestive” findings, it has become apparent that many more 
patients with heart failure can be diagnosed earlier in the course of the illness, 
with symptoms secondary to reduced exercise capacity, fatigue, or arrhythmia 
[6-10]. Particularly challenging is the treatment of elderly patients [3] and those 
with occult or minimally symptomatic left ventricular systolic dysfunction [7,10]. 

The signs and symptoms of heart failure may present acutely, as with the 
fulminant onset of myocarditis, or they may develop gradually, such as several 
years after an uncomplicated myocardial infarction. Pulmonary or systemic 
congestion may appear suddenly in a patient with previously undetected or 
compensated heart failure {eg, due to a change in salt intake or the initiation of a 
nonsteroidal anti-inflammatory drug). The presentation of signs and symptoms 
of heart failure may also reflect the nature of the underlying cardiac dysfunction 
(c^, right vs left heart failure), and there is increasing awareness that many 
patients with heart failure have predominantly diastolic (vs systolic) ventricular 
dysfunction [11 ]. Such patients may present with marked clinical symptoms and 
signs, despite a normal or nearly normal left ventricular ejection fraction. The 
prevalence of symptomatic heart failure is increasing because of the growing 
population of elderly individuals predisposed to this condition by the long-term 
effects of coronary heart disease, valvular disease, or systemic conditions such as 
hypertension and diabetes mellitus [12-14]. In these patients, heart failure is 
often predominantly due to diastolic dysfunction and is frequently undetected 
because the symptoms are attributed to the normal consequences of aging or 
other coexistent illnesses. 

The assessment of patients with heart failure should include efforts to char- 
acterize the etiology, determine the severity, and identify factors that may have 
precipitated clinical decompensation. Several questions should be posed during 
the evaluation of a patient for heart failure: Are the symptoms and signs caused 
by heart failure or by any of several noncardiac conditions that can cause similar 
findings? What is the etiology of cardiac dysfunction? What is the severity of the 
cardiac dysfunction? What is the level of functional impairment? What is the 
prognosis? What is the optimal therapeutic approach? Arriving at the correct 
answers to these questions begins with taking a complete history and conducting 
a full physical examination, supplemented by appropriate hematologic and 
blood chemistry determinations, an electrocardiogram, and chest radiograph. In 
the large majority of patients in whom there is a suspicion of heart failure, an 






echocardiogram is important to clarify cardiac anatomy 
and function. An assessment of exercise capacity is also 
frequently helpful to quantify the level of functional 
impairment, detect inducible myocardial ischemia, 
exclude noncardiac (eg, pulmonary) causes of dyspnea, 
and determine prognosis. Additional tests, including 
radionuclide studies, cardiac catheterization, and 
myocardial biopsy, may be needed to complete the 
evaluation in selected patients. 

Perhaps the most important and significant development 
with respect to diagnosing and staging the severity of the 
congestive heart failure syndrome is the recent introduction 
of a point-of-care serum brain natriuretic peptide (BNP) 
assay. BNP is a 32-amino-acid peptide secreted primarily 
from the ventricles of the heart. This hormone is released in 
response to stretch and increased volume in the ventricles. 



BNP levels correlate with left ventricular and diastolic 
pressure and volume and New York Heart Association 
classification of congestive heart failure. A rapid, point-of- 
care assay for BNP (Triage BNP Test, Biosite Incorporated, 
San Diego, CA) is now available to facilitate diagnosis of 
congestive heart failure and can be used as a prognostic 
marker [15-17]. 

It is now recognized that asymptomatic cardiac 
dysfunction can be present for long periods prior to the 
development of clinically evident signs and symptoms of 
decompensation [7-14]. Because there is evidence (see 
Chapter 5) that treatment of asymptomatic individuals 
can delay or even prevent the progression to symptomatic 
disease and improve prognosis, early diagnosis of 
asymptomatic or minimally symptomatic ventricular 
dysfunction is of paramount importance. 



Overview 




Recognize the milieu 
Clarify the precipitating disease 
Define the syndrome severity 
Establish the patient prognosis 
Create a therapeutic protocol 



Figure 7-1. Specific goals of patient evaluation when heart failure 
is suspected. First, one must appropriately recognize the heart 
failure syndrome and differentiate heart and circulatory failure 
from problems that cause similar complaints and findings. 

Second, by staging the severity of heart failure, the clinician can 
establish prognosis with reasonable accuracy. This is important in 
the design of therapeutic protocols to treat certain aspects of the 
syndrome. Finally, identifying the primary etiology of myocardial 
dysfunction and determining the precipitating causes of decom- 
pensation are extremely important. The interplay of patient 
history, physical examination, laboratory tests, and specific 
diagnostic studies helps the clinician achieve these goals. 




Figure 7-2. Clinical heart failure trials: placebo mortality curves. 
The data from several large, now classic placebo-controlled clinical 
trials emphasize that patients with heart failure or asymptomatic 
ventricular dysfunction represent a wide spectrum of morbidity 
and mortality risks. The CONSENSUS-I (Cooperative North 



Scandinavian Enalapril Survival Study) trial evaluated patients with 
New York Heart Association (NYHA) class TV congestive heart 
failure treated with diuretics and digitalis [18]. The placebo cohort 
demonstrated a mortality at 12 months in excess of 60 %. Patients in 
this trial had ejection fractions of 357o or less. 

These patients should be compared with the placebo cohorts of the 
SOLVD (Studies of Left Ventricular Dysfunction)-Prevention trial [19] 
and SAVE (Survival and Ventricular Enlargement) Trial [20]. These 
studies were also performed m patients with ventricular dysfunction 
(ejection fraction of < 35% in SOLVD and < 40% in SAVE). Patients 
were asymptomatic after myocardial infarction in SAVE, and either 
asymptomatic or minimally symptomatic (NYHA class I and II) in 
SOLVD-Prevention. Twelve-month placebo mortality rates in these 
groups. In contrast to the CONSENSUS-I cohort, were around 10%. 
At the 48-month follow-up point, mortality was substantial (about 
20%), but was still dramatically less than that typically noted in 
patients with symptomatic congestive heart failure. 

The first Veterans Administration Heart Failure Trial (VHeFT-I) [21], 
SOLVD Treatment Trial [22], and PROMISE (Prospective 
Randomized Milrinone Survival Evaluation) Trials [23] Included 
patients with mild to moderate congestive heart failure (usually 
NYHA class II or III). In these trials, a gradation in placebo group 
mortality can be noted, with the curves falling between the less ill 
SAVE or SOLVD-Prevention trial cohorts and the more ill 
CONSENSUS-I patients. 
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Figure 7-3. The varied faces of heart failure. When heart failure 
is discussed, patients with pulmonary edema, such as the patient 
with acute, distressing air hunger (A), or those with chronic 
congestive heart failure, such as the patient with edema (B), often 
come to mind. This is not unreasonable, because heart failure 
traditionally was diagnosed when congestion developed [14]. 




Figure 7-4. Variability of natural history of congestive heart 
failure (CHF). Patients can present at a variety of points during 
their illness. Initial patient contact may be triggered by an episode 
of acute pulmonary edema caused by severe diastolic dysfunction 
(perhaps precipitated by hypertension or ventricular ischemia), or 
symptoms may have been developing insidiously over several 
months as the heart dilates slowly in response to chronic alcohol 



We now know that the patient who appears fit and has few com- 
plaints (C) may also have heart failure. In fact, the majority of 
patients with left ventricular dysfunction do not manifest 
congestive symptomatology or findings. The detection of heart 
failure in such patients is challenging. 



toxicity. A variety of theoretic courses are plotted in this figure; a 
patient might present at any of the marked points. Patient 1, for 
example, is one in whom myocardial infarction has caused 
asymptomatic left ventricular (TV) dysfunction. In this patient, 
clinical compensation is present, ongoing ischemia is absent, and 
exercise performance is adequate. The patient is discovered to 
have systolic LV dysfunction during echocardiography performed 
before hospital discharge, and remains asymptomatic throughout 
long-term follow-up. Patient 2 has ischemic heart disease, 
myocardial infarction, mild to moderate LV dysfunction, and 
adequate exercise performance. This patient, without preceding 
congestive decompensation, suffers sudden cardiac death (SCD). 
Patient 3 is one in whom myocardial injury is steadily progressive 
over time, causing gradual clinical deterioration until death from 
CHF ensues. Patients 4 and 5 develop substantive and debilitating 
CHF but improve with treatment. However, whereas patient 4, 
despite aggressive therapy, continues to experience moderately 
severe CHF (New York Heart Association [NYHA] class III), 
patient 5 does not exhibit recurrence of congestive symptomatology 
and achieves adequate exercise performance during long-term 
follow-up. Patient 6 deteriorates dramatically, with SCD 
occurring soon after the diagnosis of CHF has been made. 

MVO 2 — myocardial oxygen consumption. 
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Figure 7-5. Clinical presentation of heart failure. The primary myocardial injury 
(multiple different diseases) produces ventricular dysfunction, resulting in subsequent 
hemodynamic abnormalities that eventually cause clinical manifestations of heart failure. 
A period of clinical compensation is often observed, during which patients are 
asymptomatic. A variety of symptoms, physical findings, and metabolic abnormalities 
may occur in heart failure. Symptoms can be exacerbated or attenuated, depending on 
fluctuations in hemodynamic abnormalities, adequacy of physiologic compensatory 
mechanisms, and the success of therapeutic intervention. Death in patients with heart 
failure can result from systemic organ failure (caused by hypoperfusion or congestion) 
or from sudden cardiac death (caused by the lethal arrhythmias that commonly 
accompany heart failure). Pulmonary embolism, stroke, or concurrent diseases that 
precipitate heart failure can also cause death. GI — gastrointestinal; MVc^, — myocardial 
oxygen consumption. 



Assessing the Patient 




Figure 7-6. Approach to the problem of assessing heart failure. 

To adequately assess patients with heart failure, historical informa- 
tion, data from the physical examination, and diagnostic study 
information should be obtained and integrated. It should be 
emphasized that although information from all three categories 
may be used in the evaluation, not every test needs to be, or should 
be, performed. In most patients, an electrocardiogram, a chest 
radiograph, and an echocardiogram are performed. Additional 
diagnostic studies should be tailored to the patient. Echocardio- 
graphy could include M-mode, two-dimensional, and Doppler 
studies. Radionuclide examination may consist of perfusion, 
performance, or positron emission tomographic studies. Cardiac 
catheterization could include angiography, hemodynamics, or 
endomyocardial biopsy in certain circumstances. CT and MRI 
are sometimes useful, as is determination of maximal exercise 
oxygen consumption. Information obtained from the history 
and physical examination should dictate the need for and type 
of ancillary testing. 
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Figure 7-7. Use of clinical history in assessing heart failure. 
Gathering historical information that documents and clarifies the 
clinical presentation is the first important task when heart failure is 
suspected. Although dyspnea is a hallmark of heart failure, it can 
also be characteristic of other conditions [24]. During history taking, 
a cardinal issue is the attempt to quantify the exertion level required 
to produce symptoms [25]. By eliciting the factors that cause 
symptoms, insight into the syndrome's severity can be gained. 

The assessment of heart failure focuses on objectively measured 



parameters that quantify cardiac dysfunction and subsequent 
physical limitations. Weakness, fatigue, dyspnea, and edema are 
considered the most common symptoms of heart failure. Obtaining 
an ancillary history that elucidates concomitant cardiovascular and 
noncardiovascular illnesses is also critical, as is assessment of 
medication use [26]. Many drugs can exacerbate heart failure 
{eg, antiarrhythmic drugs, p-adrenergic blockers, calcium channel 
blockers, and nonsteroidal anti-inflammatory agents), depending on 
the clinical situation, and thus their use should be characterized. 




Figure 7-8. Physical findings in heart failure. The physical 
examination of heart failure patients provides critical information 
that supplements data from the patient's history. Vital signs should 
be carefully measured. Positional blood pressure is important in 
patients receiving vasodilator drugs, as are pulse rate and rhythm. 
The presence of atrial fibrillation or frequent premature ventricular 
contractions has significant prognostic and therapeutic implications 
and can be suspected from analysis of the cardiac rhythm. The 
respiratory rate and pattern are important because tachypnea may 
reflect the severity of pulmonary congestion or compromise, and 
certain periodic respiratory patterns can be seen in the later stages 
of severe circulatory failure {eg, Cheyne-Stokes respirations). 

Assessment of the blood pressure response to Valsalva's maneuver 
[27-29], calculation of proportional pulse pressure (pulse pressure 
divided by systolic pressure) [24], determination of augmented 
jugular vein distention after abdominal compression (hepatojugular 
reflux) [2-5,30,31], and thoracic percussion to identify cardiomegaly 
[32] are simple procedures that should be performed in every patient 
suspected of having heart failure or ventricular dysfunction. 
Distension of normally filled jugular veins or further distention of 
already filled jugular veins after gentle abdominal pressure suggests 
central venous congestion with volume overload. A proportional 
pulse pressure less than 0.25 has an 88% accuracy in predicting 
cardiac index less than 2.21/min/m^. Cardiomegaly is suggested 
by a laterally displaced heart border detected by percussion [33]. 

The usual abnormalities searched for during cardiac examination, 
such as murmurs, rubs, and gallop sounds, must be sought. 

Many findings that are routinely explored are well known and 
described, such as pulmonary rales, wheezes (“cardiac asthma”), 
ascites, and peripheral edema. Other findings, however, may be 
equally important and can provide insight into both the chronicity 
and the severity of disease. Cachexia, for example, points to 
longstanding heart failure that is often end-stage. Petechiae or 
ecchymoses suggest coagulopathy secondary to hepatic congestion. 
Exarrdnation of the integument can point toward the presence of 
systemic disease {eg, scleroderma, myxedema). 
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Figure 7-9. Predictive values of clinical findings in congestive heart failure (CHF) 
patients. Many studies have reviewed the clinical and radiographic findings often 
used to diagnose CHF [2-5,26,34-40]. These reports have consistently emphasized 
that, although in certain circumstances clinical findings may be quite accurate 
in the diagnosis of CHF, their reliability in predicting hemodynamics is limited. 



Absence of radiographic or physical 
signs of congestion does not necessarily 
ensure a normal pulmonary capillary 
wedge pressure, for example, and may 
lead to either an inaccurate diagnosis of 
heart failure or inadequate therapy [34]. 

This figure demonstrates that in one 
study of 52 consecutive patients with 
chronic CHF [34], detection of peripheral 
edema, pulmonary rales, jugular venous 
distension (JVD), and an S 3 gallop had 
positive predictive values ranging from 
61% to 87%. Chest radiographic findings, 
such as cardiomegaly, pleural effusion, 
vascular redistribution suggesting 
congestion, and frank pulmonary edema, 
had similar positive and negative pre- 
dictive values. The negative predictive 
value of cardiomegaly on chest radio- 
graphy was not calculated (asterisk) 
because all but three patients had this 
finding. Thus, no single finding alone 
can be used to make the diagnosis 
[32,35-38]. LVEDP— left ventricular 
end-diastolic pressure. 



LABORATORY TESTS TO CONSIDER DURING 
ASSESSMENT OF PATIENTS WITH HEART FAILURE 



Complete blood count (including while blood cell 
ditterenlial and platelet count} 

Serum electrolyte level 

BltM)d urea nitrogen 

Serum creatinine (and clearance) level 

Liver function tests 

Prothrombin lime 

Erythrocyte sedimentation rale 

Arterial blood gases (possibly with exercise) levels 

Urinalysis 

Biochemistry screen i/e magnesium, uric add, calcium, 
and phosphorus levels) 

Thyroid function studies 

Serum drug levels (le, digoxin and anti -arrhythmic drugs) 
BNP level 



Figure 7 - 10 . Laboratory tests for assessment of patients with heart 
failure. A variety of laboratory studies should be considered to 
assess a patient's heart failure. In general, these studies help in 
estimating the severity of heart failure and provide information 
regarding problems that can be anticipated with therapeutic inter- 
ventions. Some of these studies should be obtained (cy, thyroid 
function studies) to diagnose causes of left ventricular 
dysfunction. Others are ordered to give insight into therapeutic or 
toxic effects of drugs commonly administered to patients with 
heart failure. Not all tests listed are necessary in every patient with 
heart failure. Ordinarily, sophisticated measures of plasma 
neurohumors, such as epinephrine, norepinephrine, vasopressin, 
renin, and so on, are not necessary or helpful in the diagnosis and 
management of individual patients with heart failure (although 
their importance with respect to the pathophysiology of the 
syndrome is unquestioned). Cowie et al [10] demonstrated that in 
patients with symptoms suspected by a primary care physician to 
be due to heart failure, brain natriuretic peptide (BNP) seemed a 
useful predictor of which patients are likely to have heart failure 
and require further clinical evaluation. 
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Figure 7-11. Brain natriuretic peptide (BNP) as a diagnostic tool 
in heart failure {see also Fig. 7-12). Point-of-care BNP levels have 
been studied by Maisel [15], Kazanegra et al. [16], and Cheng et 
al. [17] extensively. A, BNP levels were stratified quite 
dramatically according to whether patients presenting to an 
emergency department with symptoms possibly related to 
heart failure were evaluated. The mean BNP concentration in 
patients with no congestive heart failure (CHF), in the end, was 
38 > 4 pg/mL compared with those patients with manifest CHF 
(BNP level of 1076 > 138 pg/mL). Patients with left ventricular 
(LV) systolic dysfunction but no significant symptoms 
or findings of congestion have elevated BNP levels, but not 



nearly to the point noted in individuals with manifest 
congestive heart failure. 

B, BNP concentrations in comparison to the severity of CHF 
with those most limited and congested having the highest 
serum BNP level. C, Higher BNP levels in patients admitted to 
the hospital from the emergency department for therapy of 
decompensated CHF. D, The correlation between BNP level 
and pulmonary capillary wedge (PCW) pressure during 
treatment with diuretics and vasodilators in the hospital. 
Interestingly, there is a close correlation between BNP and 
pulmonary artery wedge (PAW) pressure that can be tracked 
as close as every 15 minutes. 
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Figure 7-12. Brain natriuretic peptide (BNP) as a diagnostic tool 
in heart failure {see also Fig. 7-11). A, The utility of point-of-care 
BNP levels used in an emergency room (ER) setting to clarify 
confusing presentations. Patients with dyspnea secondary to 
chronic obstructive pulmonary disease (COPD) had low BNP 
levels versus those individuals having a significant component of 
congestive heart failure (CHF), as demonstrated by Maisel [15], 



Kazanegra et al [16], and Cheng et al. [17]. B, Receiver-operator 
curve (ROC) data for BNP levels and the emergency department 
diagnosis of CHF suggesting that a BNP level greater than 80 
pg/mL could, with a diagnostic accuracy of 95%, differentiate 
CHF from other problems presenting in a similar vein. 

AUC — area under the curve. 



DIAGNOSTIC PROCEDURES TO CONSIDER DURING ASSESSMENT OF PATIENTS WITH HEART FAILURE 
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Figure 7-13. Diagnostic procedures for assessment of patients 
with heart failure. There are many ancillary diagnostic tests to be 
considered during evaluation of the heart failure patient. These 
range from rather simple procedures, such as chest radiography 
and electrocardiography, to sophisticated studies, such as MRI and 



PET. Whereas some are noninvasive; others, such as cardiac 
catheterization, require central vascular access. In planning 
assessment of the patient with heart failure, the risks, costs, and 
the type of Information they can provide should dictate the 
selection of diagnostic tests. 
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Figure 7-14. Common ancillary diagnostic 
tests. The most commonly requested 
diagnostic tests in patients with heart 
failure are chest radiography, electrocar- 
diography, and echocardiography (in- 
cluding M-mode, two-dimensional, and 
Doppler studies). 

The chest radiogram can provide insight 
into cardiac size, pleural effusions, 
pulmonary congestion, and mediastinal 
configuration. Electrocardiography may 
suggest ischemic heart disease. 

Echocardiography (M-mode, two- 
dimensional, or Doppler) provides an 
evaluation of the valves, chambers, 
pericardium, myocardium, and global 
function. More information is probably 
gained by echocardiographic examination 
of heart failure patients than by any other 
tests available. 
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1 A. NONINVASIVE IMAGING TECHNIQUES FOR ASSESSMENT OF PATIENTS WITH HEART FAILURE 
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r B. NONINVASIVE IMAGING TECHNIQUES FOR ASSESSMENT OF PATIENTS WITH HEART FAILURE 
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Figure 7-15. Noninvasive imaging techniques for assessment of 
patients with heart failure. A variety of noninvasive techniques can 
be used to provide greater insight into ventricular performance and 
to aid in the assessment of heart failure. 

A, In addition to radionuclide techniques and echocardiography, 
MRI and CT studies can be valuable. MRI defines cardiac anatomy, 
clarifies anatomic relationships, characterizes tissue patterns, and 
may be the best method to quantify cardiac mass and chamber 
dimensions. It is, however, expensive. The major limitation of 
CT scans of the heart are the long exposure times required for the 
motion artifacts to be great. The major advantage of this form of 
cardiac imaging is that cross-sectional views with spatial and 
density orientation can be produced and appear to be better than 



echocardiographic or radionuclide studies. CT scans also provide 
precise images of great-vessel orientation. Performance of stress 
testing, either physiologic or pharmacologic, can be difficult in the 
MRI or CT facility. 

B, In general, echocardiography is readily available and costs less 
than radionuclide, MRI, or CT procedures. Echocardiography may 
be valuable and cost effective when simple questions such as normal 
versus abnormal ventricular function or presence of pericar- 
dial effusion are asked. Zero represents no value; plus signs represent 
the relative value, one plus sign meaning minimal value and /o//r pilus 
signs meaning very valuable. RNGV — ^radionucHde ventriculography. 
{Adapted from Young and Farmer [1].) 
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Figure 7-16. Exercise testing in patients with heart failure. 
Maximal myocardial oxygen consumption (MVO 2 ) is defined as 
the greatest amount of oxygen a patient can utilize while per- 
forming dynamic aerobic exercise that utilizes large muscle 
masses. It reflects oxygen transport and cellular metabolism. 
MVO 2 is usually expressed as milliliters of oxygen consumed per 
kilogram of body weight per minute. Exercise performance can be 
described in “metabolic equivalents” (METS). One MET is defined 
as 3.5 mL 02 /kg/ min and reflects the quantity of oxygen utilized 
when an individual is sitting or resting quietly. World-class 
endurance athletes can achieve 18 METS during maximal exercise 



(reflecting 60 mL 02 /kg/min MVO 2 ). Patients with coronary heart 
disease capable of achieving 10 METS (or 35 mL 02 /kg/min 
MVO 2 ) have excellent prognoses. On the other hand, patients able 
to obtain peak exercise of 5 METS or less have poor prognoses 
[39^1]. Exercise testing in heart failure is performed to quantify 
functional capacity. Shown are six commonly used exercise 
protocols. In general, the best estimate of MVO 2 in a heart failure 
patient can be accomplished with protocols that increase physical 
stress loads gradually, such as the Weber-Janicki and Naughton 
protocols (A), and the Balke and Branching protocols (B). 

{^Continued on next page^ 
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Figure 7-16. Continued Protocols that rapidly increase stress 
levels, such as the Bruce (A) and Ellstead (B) protocols, are more 
suitable for the screening of patients for the presence of ischemic 
heart disease than for quantifying functional limitations resulting 
from ventricular dysfunction. Although values for peak oxygen 
uptake can be estimated from exercise workload, online 
measured values of oxygen consumption may more accurately 
reflect cardiac impairment and allow differentiation between 



cardiac and pulmonary pathophysiology Several additional 
parameters are important to take into consideration during 
exercise. These include ability to augment systolic blood pressure, 
the onset of the anaerobic threshold (when gas exchange is 
measured online), and electrocardiographic changes such as ST- 
segment abnormalities (possibly reflecting ischemia) or develop- 
ment of cardiac arrhythmias. NYHA — New York Heart 
Association. {Adapted from Young and Farmer [1].) 
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Figure 7-17. Rapid classification of hemodynamic states. Stevenson [42] popularized the 
concept of tailoring therapies to the hemodynamic status of patients. This approach can 
be coupled to a noninvasive diagnostic evaluation of patients admitted to the hospital 
with congestive heart failure with therapeutic approaches, perhaps directed by varying 
combinations of fluid retention states and peripheral organ perfusion. The two basic 
components outlined in this figure are, indeed, congestion (B and C) and low perfusion 
(C and D). Perhaps the most complex patient is the individual who is substantially 
volume overloaded with low flow states (D). These patients as well as those with simply 
low perfusion states are generally in cardiogenic shock. Signs and symptoms of 
congestion to review include orthopnea, paroxysmal nocturnal dyspnea, jugular venous 
distention, hepatomegaly, particularly with hepatojugular reflux, peripheral edema, 
presence of rales (remembering that they can be rare in chronic heart failure), and the 
Valsalva square wave blood pressure sign. Signs of low perfusion include a narrow pulse 
pressure, a sleepy or obtunded patient, periodic respirations, cool extremities, 
hypotension after angiotensin-converting enzyme inhibitor introduction, and renal 
dysfunction or a low serum sodium [42]. 
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Diagnostic Tests 





Figure 7-18. Electrocardiography in heart failure patients. An 
electrocardiogram (ECG) can provide valuable information in the 
assessment of patients with heart failure. These examples represent 
commonly observed findings in severe heart failure. A, Low 
voltage and arrhythmia. This ECG demonstrates a right bundle 
branch block pattern and low voltage throughout the limb leads 
and precordium. Premature ventricular contractions, couplets, and 
nonsustained ventricular tachycardia are also seen. This patient 
has severe coronary heart disease with multiple myocardial 



infarctions and an ejection fraction of 15%. B, Cardiomyopathy. 
Patients with dilated cardiomyopathy may have Q waves 
(see precordial leads), which can lead to the mistaken diagnosis of 
myocardial infarction. This patient did not have coronary heart 
disease. The tracing also shows low voltage throughout, an inter- 
ventricular conduction defect pattern, and nonspecific ST-T 
wave changes. aVp — augmented voltage, unipolar left leg lead; 
aVp — unipolar augmented voltage, left leg lead; aVj^ — augmented 
voltage, unipolar right arm lead. 
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Figure 7-19. Chest radiographs of patients with heart failure. A, Congestive heart 
failure with cardiomegaly. This radiograph demonstrates cardiomegaly (cardiothoracic 



ratio, 0.77), pulmonary congestion, and 
bilateral pleural effusions (note blunted 
costophrenic angles). The cardiac 
silhouette may indicate the existence 
of a pericardial effusion. Also note 
the thin chest wall and osteopenia 
suggesting cachexia. 

B, Congestive heart failure with left 
ventricular hypertrophy. This radiograph 
demonstrates mild pulmonary congestion 
with a high-normal cardiothoracic ratio 
of 0.53. These radiographic findings are 
typical of patients with hypertensive heart 
disease or hypertrophic cardiomyopathy 
resulting in diastolic dysfunction in the 
presence of a normal ejection fraction. 




Figure 7-20. Hemodynamics in heart failure patients. A, Hemo- 
dynamic findings obtained during routine surveillance by right 
heart catheterization and endomyocardial biopsy in a patient 
5 years after heart transplantation. The patient complained of 
mild dyspnea on exertion, but was well compensated and could 
perform ordinary daily activities. During maximal exercise, he 
achieved a myocardial oxygen consumption (MVO 2 ) of 18 mL 
02 /kg/min. Although the patient was moderately hypertensive 
(blood pressure, 170/100 mm Hg), intracardiac and pulmonary 
pressures were at the upper limits of normal. Right atrial pressure 
(RAP) was slightly elevated with a paradoxic increase during 
inspiration, a characteristic finding with orthotopic allografts. The 
patient's cardiac output was 4.7 L/ min. Valsalva's maneuver in 
this patient is not entirely normal, because it does not exhibit the 
“overshoot” phenomenon seen in patients with normal ventricular 
function. This patient's ejection fraction was 47To. 

{^Continued on ?i ext page) 
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Figure 7-21. Echocardiographic patterns in heart failure. 
Information obtained with an echocardiogram can help clarify a 
patient's complaints and certain physical findings. A, Dilated 
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Figure 7-20. Continued B, Hemodynamic findings from a 
patient with cardiomyopathy and severe systolic and diastolic 
dysfunction: a 45-year-old man with end-stage cardiomyopathy 
believed to be caused by excessive alcohol consumption. The 
patient's ejection fraction is 15%. Cardiac output is 2.9 L/min, 
and the systemic blood pressure is 103/82 mm Hg. The patient 
has severe pulmonary hypertension (pulmonary artery pressure 
[PAP] of 87/35 mm Hg with pulmonary capillary wedge pressure 
[PCWP] of 35 mm Hg). Valsalva's maneuver in this patient is 
markedly abnormal, demonstrating the “square wave” pattern 
characteristic of severe left ventricular dysfunction. RVP — right 
ventricular pressure. 



cardiomyopathy. This long-axis parasternal view from a two- 
dimensional echocardiogram demonstrates the multichamber 
enlargement characteristic of dilated cardiomyopathy. No evidence 
of pericardial effusion is present, even though the patient had a 
paradoxical drop in systolic blood pressure of 10 mm Hg with 
inspiration (systolic pressure starting at 90 mm Hg). The left 
ventricular (LV) wall is symmetrically thin, and in real time, no 
focal wall motion abnormalities are seen. Rather, the entire LV is 
hypokinetic, and the ejection fraction is calculated to be only 15%. 

{^Continued on next page) 
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Figure 7-21. Continued B, Hypertrophic cardiomyopathy. 
M-mode and two-dimensional (2DE) echocardiographic findings 
of severe LV hypertrophy with evidence of outflow tract 
obstruction (systolic anterior motion [SAM] of the mitral valve). 

In systole, the LV cavity becomes virtually obliterated, and the 
ejection fraction is calculated to be greater than 75%. The inter- 
ventricular septum (I VS) is dramatically thickened. The patient 
complained of chest pain and severe dyspnea on exertion, and he 
also had syncope. C, Pericardial effusion (EFFUS). This patient 
has normal right and left ventricular chamber size and systolic 
function, but a large pericardial effusion is present. Clinically, the 
patient was hypotensive and complained of shortness of breath, 
ao — aorta; LA — left atrium; mv — mitral valve; RV — right ventricle. 



Designing a Therapeutic Plan 



QUESTIONS AFTER ASSESSMENT TO DETERMINE 
THERAPEUTIC STRATEGY 



h heart failure present? 

Is the problem primarily systolic or diastolic dysfunction? 
What caused the problem? 

What precipitated deterioration? 

How severe is the heart failure? 

What is the prognosis? 

What is the best acute therapeutic strategy? 

What is the best chronic therapeutic strategy? 

Can the initiatin^precipitating problem be cured or 
eliminated, and can tne state of heart failure be ameliorated 
or attenuated? 



Figure 7-22. Integration of diagnostic evaluation in the 
assessment of patients with heart failure. Data obtained during the 
assessment of patients with heart failure can be used to answer 
several key questions. It is critical to determine if heart failure is 
present, what caused the difficulty or precipitated deterioration, 
and how severe the syndrome is. When these questions are 
answered, insight into the patient's long-term prognosis can be 
gained and therapeutic strategies can be designed to address 
both acute and chronic problems as well as the initiating or 
precipitating causes. 
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Figure 7-23. Coupling heart failure assessment with therapeutic 
philosophy. Therapy of heart failure should be designed to 
prevent ventricular remodeling, forestall development of clinical 
symptoms, ameliorate symptoms, and reduce mortality. Treatment 
strategies are based on data obtained during clinical assessment, 
particularly during risk stratification of bc:>th symptomatic and 
asymptomatic patients. Patients sc:>metimes alternate between 
compensation and decompensation or asymptomatic and 
symptomatic states, and treatment protocols should reflect an 
ongoing assessment of a patient's clinical status. 
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Chronic heart failure is a debilitating and inexorably progressive disease char- 
acterized by significant morbidity and mortality. In the past 20 years^ advances 
in understanding the pathophysiology of heart failure and new developments 
in treatment have allowed us to alleviate the symptoms of this disease, slow 
the natural progression of the underlying myocardial process, and improve 
survival. However, the prognosis remains generally poor, and the expanding 
range of therapeutic options has greatly increased the complexity of treating 
these patients. It has become increasingly important to identify factors that 
may predict clinical outcome or response to therapy, thus allowing rational 
selection of therapy for individual patients. 

Regarding the medical management of heart failure, the incidence and 
prevalence of the disease continue to grow. In the United States alone, nearly 
5 million people are living with heart failure, and another 500,000 new cases 
are diagnosed each year. The incidence of heart failure approaches 10 per 1000 
population after the age of 65, and the 5-year mortality rate is approximately 
50%. Heart failure is also the most frequent and expensive reason for hospital- 
ization among people age 65 years and older. Each year in the United States, 
more than 900,000 people are hospitalized for heart failure. The incidence and 
prevalence of heart failure in other industrialized nations are similar to those in 
the United States. 

Numerous hemodynamic, structural, biochemical, and functional variables 
have been identified as prognostic markers that can be used to place patients 
in different risk strata. Predictions regarding life expectancy are best made 
by considering several prognostic variables, but useful statistical models 
are not av^ailable. 

Therefore, in evaluating the cost-effective use of medications and surgical 
interventions, the physician must make qualitative assessments of the patient's 
risk and likelihood of benefiting from therapy. 

The primary objectives in the treatment of patients with heart failure are to 
improve quality of life (QOL) and increase survival as well as to reduce the 
hospitalization for heart failure. Because the number of pharmacologic agents 
used in the treatment of heart failure is increasing and the mortality decreasing, 
it is now time to reassess the adequacy of endpoints used to evaluate 
therapeutic efficacy. Reduction in mortality is regarded as the gold standard. 
However, the large sample size that may be required to show an incremental 
survival advantage of a new drug is relatively prohibitive. Therefore, there has 
been increased interest in the use of surrogate endpoints, variables that can 
substitute for true endpoints for the purpose of comparing specific inter- 
ventions in a clinical trial. 

Several definitions have been suggested for a surrogate endpoint. For a 
surrogate endpoint (an adequate substitute for the real endpoint) to be 
considered, several levels of evidence must be provided. First, the biologic 
relevance of the postulated relationship needs to be established by showing a 
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strong and consistent relationship between the candidate 
for surrogate status (eg, left ventricular [LV] volume in 
heart failure patients) and outcomes in numerous studies 
of different populations and disease states. Second, 
changes in the surrogate endpoint (eg, plasma brain 
natriuretic peptide [BNP] level) should predict a change in 
the morbid event independent of treatment. Third, a 
consistent proportionality between the degree of change in 
the surrogate endpoint and the true endpoint needs to be 
documented in a spectrum of studies, so that the 
magnitude of change in the surrogate endpoint can be used 
to predict the actual change in the true endpoint (eg, 
change in LV volume and survival). Finally, this association 
needs to be replicated in a variety of different populations, 
in both observational studies and treatment trials, using a 
spectrum of therapeutic interventions. Although insistence 
on strict mathematical proof of these four criteria may 



make it impossible to validate any surrogate endpoint fully, 
they provide a set of useful benchmarks in assessing the 
practicality of using surrogate endpoints. 

A more realistic expectation is that the surrogate end 
point accounts for a substantial portion of the treatment 
effect on the true clinical endpoint. Thus, surrogate end 
points in heart failure patients should unequivocally 
reflect the true endpoints (ie, survival and the QOL). More 
than 150 clinical, hemodynamic, or exercise variables 
have been identified as predictors of survival in patients 
with heart failure. Some have been tested in clinical 
trials, but not completely validated. We will focus on 
hemodynamic measurements, ventricular arrhythmias, 
autonomic nervous system markers, exercise capacity, 
neurohormones, and variables of LV structure and 
function as potential surrogate endpoints for patients 
with chronic heart failure. 



Mortality in Patients with Heart Failure 




Figure 8-1. Changes in mortality from heart failure. A, Heart 
failure is a disabling chronic disease and the leading principal 
diagnosis for hospitalization among older adults. Among the 
estimated 4.8 million US residents who have heart failure, 70% are 
aged 60 years or older. During the past decade, the number of 
hospitalizations for heart failure has increased and these numbers 
are expected to increase with progressive aging of the US 
population even though the case-fatality rate for heart failure is 
high. This report summarizes trends in mortality from heart 
failure in the United States between 1980 and 1995 and presents 
state-specific death rates for 1995. From 1980 to 1995, the number 
of deaths with heart failure as the underlying cause increased 
from 27,415 to 46,484; in 1995, approximately 43,600 (94%) of these 
deaths occurred among adults aged greater than or equal to 65 
years. The overall rate changed from 10.3 in 1980 to 11.7 in 1995. 
Death rates for heart failure per 100,000 population were directly 
proportionate to age. For example, in 1995, age-specific rates were 
633.5 for persons aged greater than or equal to 85 years, 130.8 for 
persons aged 75 to 84 years, and 32.2 for persons aged 65 to 74 
years. The rate for persons aged 85 or more years increased 
during 1980 to 1988 but declined slightly during 1989 to 1992. 




Similar small declines also were observed during the same period 
for adults aged 75 to 84 years and those aged 65 to 74 years [Ij. 

B, Age-adjusted death rates for persons 65 years and older, by 
race, gender, and year. For persons aged 65 years or more, age- 
adjusted death rates for heart failure increased during 1980 to 
1988 and declined after 1988 in each racial and sex group. Age- 
adjusted rates for the US population aged 65 years or more 
declined from 116.9 per 100,000 standard population in 1988 to 
107.6 in 1995 (an average annual decline of 1.1% compared with 
1988 rates). Among persons aged 65 years or more, age-adjusted 
rates for 1995 were 126.1 for black men, 117.0 for white men, 107.6 
for black women, and 101.2 for white women. The largest average 
annual percentage decline compared with 1988 rates occurred 
among black men (3.0% per year), followed by black women 
(2.2%), white men (1.7%), and white women (0.5%). Because of 
greater declines in death rates for heart failure among black 
adults, from 1980 to 1995 the black-to-white ratio for men 
narrowed from 1.3:1 to 1.1:1 and for women from 1.4:1 to 
1.1:1 [1].) The asterisk indicates that "'heart failure" is defined 
according to the International Classification of Diseases, Ninth 
Revision, code 428. 
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Figure 8-2. The natural history of asymptomatic left ventricular 
systolic dysfunction (ALVD). Information is limited regarding the 
rates of progression to congestive heart failure (CHF) and death in 
individuals with ALVD. Wang et al. [2] sought to characterize the 
natural history of ALVD by studying unselected individuals with 
this condition in the community. 

The investigators calculated the Kaplan-Meier curves for 
survival free of CHF. The referent group consists of subjects with 
normal left ventricular systolic function (ejection fraction [EF] > 
50%). Mild ALVD is indicated by EF 40% to 50%; moderate-to- 
severe ALVD is indicated by EF less than 40%. Individuals with 
ALVD in the community are at high risk of CHF and death, even 
when only mild impairment of EF is present [2]. 




Figure 8-3. Mortality trends. Clinical trials have identified major 
therapeutic advances for heart failure (HF), but the degree to 
which survival has improved among the general population 
of patients with HF is not known. This study analyzed mortality 
trends from 1991 to 1997 for 23,505 Medicare patients hospital- 
ized with a first admission for HF at 29 Northeast Ohio hospitals. 
At baseline (1991), crude in-hospital, 30-day, and 1-year mortality 
rates were 6.4%, 8.6%, and 36.5%, respectively. Between 1991 and 
1997, mean length of stay declined steeply from 9.2 days to 6.6 
days (P < 0.001 for trend). Risk-adjusted in-hospital mortality 
also declined markedly (absolute decline, 3.7%; 95% Cl, -4.3 
to -3.0), a 52.8% relative decrease. However, the decline in 30-day 
mortality was only -1.4% (95% Cl, -2.5 to -0.1; P < 0.05), a 15.3% 
relative decrease. The 1-year mortality declined -5.3% (95% 

Cl, -3.2 to -7.4; P < 0.001), a 14.6% relative decrease. Long-term 
mortality for patients hospitalized with HF improved from 1991 
to 1997, although mortality remains very high. The 30-day 
mortality declined far less than in-hospital mortality, indicating 
that mortality shortly after discharge increased. This raises 
concerns that the marked reduction in length of stay is causing 
adverse consequences [3]. 




Figure 8-4. Survival according to the 
underlying cause of heart failure. A total of 
1230 patients referred to John Hopkins 
Hospital for assessment of unexplained 
cardiomyopathy underwent a compre- 
hensive diagnostic evaluation including 
endomyocardial biopsy, enabling identifi- 
cation of an underlying etiology in 50% of 
cases. Patients with peripartum cardio- 
myopathy had the best prognosis, whereas 
patients with an ischemic etiology did 
worse than those with idiopathic cardio- 
myopathy. This study is limited by the 
referral nature of the study population, 
resulting in under-representation of patients 
with common causes of heart failure. 
Further, the poor outcome seen among 
patients with doxorubicin cardiotoxicity, 
infiltrative myocardial disease, and HIV 
infection may relate more to the underlying 
disease process than to cardiac involvement. 
Nevertheless, this study provides important 
information on survival, and demonstrates 
the prognostic value of identifying the 
underlying cause of cardiomyopathy [4]. 
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Figure 8-5. Effect of race on response to treatment for heart 
failure. Black patients with heart failure have a poorer prognosis 
than white patients, a difference that has not been adequately 
explained. To address the issue whether racial differences in the 
response to drug treatment contribute to differences in outcome, 
data were pooled and analyzed from the Studies of Left 
Ventricular Dysfunction (SOLVD) prevention and treatment trials 
(two large, randomized trials comparing enalapril with placebo in 
patients with left ventricular dysfunction). The black patients and 
the matched white patients had similar demographic and clinical 
characteristics, but the black patients had higher rates of death 
from any cause (12.2 vs 9.7 per 100 person-years) and of hospi- 
talization for heart failure (13.2 vs 7.7 per 100 person-years). 
Despite similar doses of drug in the two groups, enalapril therapy, 
as compared with placebo, was associated with a 44% reduction 
(95% Cl, 27%-57%) in the risk of hospitalization for heart failure 
among the white patients (P < 0.001) but with no significant 




B Follow-up, y 



reduction among black patients (P = 0.74). At 1 year, enalapril 
therapy was associated with significant reductions from baseline in 
systolic blood pressure (by a mean [± SD] of 5.0 ± 17.1 mm Hg) and 
diastolic blood pressure (3.6 ± 10.6 mm Hg) among the white 
patients, but not among the black patients. No significant change 
in the risk of death was observed in association with enalapril 
therapy in either group. Enalapril therapy is associated with a 
significant reduction in the risk of hospitalization for heart failure 
among white patients with left ventricular dysfunction, but not 
among similar black patients. This figure shows rates of death from 
any cause (A) and of hospitalization for heart failure (B) among 
black patients and matched white patients randomly assigned to 
enalapril or placebo. The rate of hospitalization for heart failure 
among black patients assigned to enalapril was significantly higher 
than that among matched white patients assigned to enalapril (P < 
0.001 by Fisher's exact test). Mortality was similar among black 
patients and matched white patients, regardless of treatment [5]. 
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Placebo 90 58 28 5 1 

A Carvedilol 127 94 50 12 1 



Figure 8-6. Race and the response to treatment with p-blockers 
for heart failure. As compared with placebo, carvedilol lowered 
the risk of death from any cause or hospitalization for any reason 
by 48% in black patients (A) and by 30% in nonblack patients (B). 
Carvedilol reduced the risk of worsening heart failure (heart 
failure leading to death, hospitalization, or a sustained increase 
in medication) by 54% in black patients and by 51% in nonblack 
patients. The ratios of the relative risks associated with 
carvedilol for these two outcome variables in black as compared 
with nonblack patients were 0.74 (95% Cl, 0.42-1.34) and 0.94 





Placebo 208 222 35 35 2 

B Carvedilol 569 413 205 74 9 



(95% Cl, 0.43-2.05), respectively. Carvedilol also improved 
functional class, ejection fraction, and the patients' and 
physicians' global assessments in both the black patients and the 
nonblack patients. For all these measures of outcome and clinical 
status, carvedilol was superior to placebo within each racial 
cohort (P < 0.05 in all analyses), and there was no significant 
interaction between race and treatment (P < 0.05 in all analyses). 
The benefit of carvedilol was apparent and of similar magnitude 
in both black and nonblack patients with heart failure [6]. 



Figure 8-7. Effect of gender on treatment for heart failure. Previous 
natural history studies in broad populations of heart failure patients 
have associated female gender with improved survival, particularly 
in patients with a nonischemic cause of ventricular dysfunction. 
This study investigates whether a similar survival advantage for 
women would be evident among patients with advanced heart 
failure. The study analysis is based on the Flolan International 
Randomized Survival Trial (FIRST) study that enrolled 471 patients 
(359 men and 112 women) who had evidence of end-stage heart 
failure with marked symptoms (60% New York Heart Association 
class IV) and severe left ventricular dysfunction (left ventricular 
ejection fraction, 18% ± 4.9%). A Cox proportional-hazards model, 
adjusted for age, gender, 6-minute walk, dobutamine use at 
randomization, mean pulmonary artery blood pressure, and 
treatment assignment, showed a significant association between 
female gender and better survival (relative risk of death for men vs 
women was 2.18, 95% Cl, 1.39-3.41; P < 0.001). Although formal 
interaction testing was negative (P = 0.275), among patients with a 
nonischemic etiology of heart failure, the relative risk of death for 
men versus women was 3.08 (95% Cl, 1.56-6.09; P = 0.001), whereas 
among those with ischemic heart disease, the relative risk of death 
for men versus women was 1.64 (95% Cl, 0.87-3.09; P = 0.127). 
Women with advanced heart failure appear to have better survival 
than men. Subgroup analysis suggests this finding is strongest 
among patients with a nonischemic etiology of heart failure [7]. 
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Figure 8-8. Effect of diabetes on treatment of heart failure. 
Physicians remain concerned about prescribing (3-blockers in 
diabetic patients with heart failure. In the outcome research study 
(the Beta-Blockers in Patients With Congestive Heart Failure: 
Guided Use in Clinical Practice [BRING-UP] study), the 
responsible clinicians could decide whether to start (3-blocker 
treatment and which agent to use. A total of 3091 patients were 
enrolled by 202 cardiologic centers: 25% of the recruited patients 
were already on (3-blockers, 28% started treatment at the enroll- 
ment visit, and 47% were not started on p-blockers. The 
1-year mortality, hospitalization rate, and the combined endpoint 
of mortality or hospitalization were higher in diabetic patients 
(15.8% vs 10.9%; relative risk [RR] = 1.44; 95% Cl, 1.16-1.78; P = 
0.001) (31.0% vs 24.0%; RR = 1.28; 95% Cl, 1.11-1.49; P = 0.0009) 
(40.5% vs 30.1%; RR = 1.35; 95% Cl, 1.19-1.51; P = 0.0001). The 
event-free analysis of the four groups (diabetic patients not treated 
with p-blockers, diabetic patients treated with P-blockers, 
nondiabetic patients not treated with P-blockers, nondiabetic 
patients treated with p-blockers) showed that patients treated with 
P-blockers had a higher event-free probability than patients not 
treated with P-blockers regardless the presence of diabetes (P < 
0.0001). On the basis of post hoc analysis, diabetic patients with 
chronic heart failure benefit from P-blockers, even if at a lower 
degree. Thus, there are no justifications to avoid P-blockers in 
heart failure patients in the presence of diabetes [8]. 
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Figure 8-9. Survival among patients with heart failure stratified 
by presence of diabetes. The incidence of complications after 
myocardial infarction is known to be increased in diabetics. After 
adjustment for baseline characteristics including etiology of heart 
failure, diabetes remained a significant predictor of death and 
hospitalizations in the 6797 patients recruited into the Studies of 
Left Ventricular Dysfunction (SOLVD). The risk of death was 
higher in both asymptomatic and symptomatic patients, and 
increased with the duration of diabetes; however, diabetic and 
nondiabetic patients derived equivalent benefit from treatment 
with enalapril [9]. CHE — congestive heart failure. 
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Figure 8-11. Kaplan-Meier curves for all-cause mortality and first 
morbid event in subgroups by quartiles for brain natriuretic 
peptide (BNP; A) and norepinephrine (NE; B). Baseline BNP and 
NE in quartiles also showed a significant quartile-dependent 
increase in mortality and first morbid event. The baseline values 
for BNP in quartiles were less than 41, 41 to less than 97, 97 to less 
than 238, and 238 or higher pg/ mL; for NE they were less than 274, 
274 to less than 394, 394 to less than 572, and 572 or higher pg/mL. 

Baseline NE and BNP are important and independent prog- 
nostic markers in patients with heart failure (HE). BNP has also 
been shown to predict mortality and morbidity in other cardio- 
vascular conditions, such as acute coronary syndromes and acute 



Figure 8-10. Changes in brain natriuretic peptide (BNP) and norepi- 
nephrine (NE) over time in the Valsartan Heart Failure Trial (Val- 
HeFT).The Val-HeFT evaluated the efficacy of valsartan in patients 
with moderate to severe heart failure. Blood was sampled for BNP 
and NE assay in all patients at baseline and at 4, 12, and 24 months 
during follow-up. ITie neurohormonal database in Val-HeFT is the 
largest ever collected in a heart failure trial. In this study, the rela- 
tionship was examined between baseline BNP and NE and their 
changes over time, with subsequent mortality and morbidity. The 
incidence of all-cause mortality and first morbid events was 
significantly higher for patients with baseline BNP or NE above the 
median than for those with values below the median. The relative 
risks (RRs) for these events (mortality and first morbid event) for 
values above versus below the median were higher for BNP (RR 
[95% Cl, 2.1 (1.79-2.42) and 2.2 (1.98-2.52), respectively, for mortality 
and morbidity) than for NE (1.5 [1.28-1.71] and 1.4 [1.23-1.54], 
respectively). BNP exhibited a relatively stronger association with 
mortality and morbidity than NE (P < 0.0001) [10]. 




myocardial infarction. The present data represent the largest study 
to confirm the prognostic importance of both these neurohormones 
in patients with moderate to severe HE. Furthermore, the findings 
also demonstrate that BNP is a more sensitive predictor than NE 
of morbidity and mortality in HR More importantly, the data 
provide evidence for the first time that changes in these neuro- 
hormones over time are associated with corresponding changes 
in subsequent mortality and morbidity. Because neurohormone 
levels increase with the progression of HE and are strikingly 
correlated with outcomes, these data suggest that BNP and NE 
levels could serve as guide to the severity of HE and the efficacy of 
its treatment [10,11]. 
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Figure 8-12. Examples of the prognostic information available 
from measurement of the left ventricular ejection fraction (EF) 

(A) and peak oxygen consumption (VO 2 ) (B) in the Vasodilator 
Heart Failure Trial (V-HeFT I). These data from the placebo group 
(patients treated with digoxin and diuretic) indicate that the 



probability of survival over 3 years in different risk strata can 
differ by 20% to 30%. Strata were defined arbitrarily by the 
median values in this sample and may not represent the most 
discriminating cutpoints for these prognostic variables [12,13]. 
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Figure 8-13. Prognostic stratification using ejection fraction (EF) 
and peak oxygen consumption (VO 2 ), which were found to be 
significant prognostic variables during multivariate analysis. 
Data are from all patients in the Vasodilator Heart Failure Trials 
(V-HeFT 1 [A] and II [B]). Patients who had relatively good EF 
and VO 2 clearly had a better prognosis than those in the higher 
risk strata of both variables. For example, the difference in the 
probability of survival between these two strata after 3 years of 




follow-up was approximately 30%. Patients in the higher risk strata 
of only one of these prognostic variables had an intermediate 
survival. These trends were evident in both studies even though the 
overall prognosis tended to be better in V-HeFT II. This was in part 
because all patients in V-HeFT II received medications that prolong 
survival (hydralazine plus isosorbide dinitrate or enalapril), 
whereas the majority of patients in V-HeFT I received placebo or 
prazosin, which did not improve survival [12,13]. 
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Figure 8-14. A recent landmark demonstration that B-type 
natriuretic peptide (BNP) measured in acute coronary syndromes 
independently predicts mortality, heart failure, and new myo- 
cardial infarction (A-D). After acute cardiac injury, left ventricular 
ejection fraction (LVEF) is also of prognostic significance and 
plays a major role in determining the therapeutic response. 
Richards et al. [14] reported the results from a substantial {n = 666) 
cohort of patients with acute myocardial infarction to test the 
prognostic utility of concurrent measurements of BNP, amino- 
terminal BNP (N-BNP), norepinephrine, and radionuclide LVEF 
(A-D). The B-type peptides and LVEF were predictors of death, 
heart failure, and new myocardial infarction (all P < 0.001) 



independent of patient age, gender, previous myocardial 
infarction, antecedent hypertension or diabetes, previous heart 
failure, plasma norepinephrine, creatinine, cholesterol, drug 
therapy, and coronary revascularization procedures. The 
combination of N-BNP (or BNP) with LVEF substantially 
improved risk stratification beyond that provided by either alone. 
Elevated N-BNP (or BNP) predicted new myocardial infarction 
only in patients with LVEF less than 40%. LVEF less than 40% 
coupled to N-BNP over the group median conferred substantial 
3-year risks of death, heart failure, and new myocardial infarction 
of 37%, 18%, and 26%, respectively. N-BNP and BNP were 
equivalent prognostic markers for these clinical outcomes [14]. 
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Figure 8-15. Use of brain natriuretic peptide (BNP) levels to titrate 
treatment for heart failure. Sixty-nine patients with left ventricular 
ejection fraction of 40% or lower and symptomatic heart failure 
were randomly assigned to receive treatment guided by either 
plasma N-terminal BNP levels (N-BNP group) or clinical assess- 
ment alone. Patients with plasma N-BNP levels higher than 
200 pmol/L received intensified treatment according to a prede- 
termined protocol until the target level was met. N-BNP levels fell 
79 pmol/L below baseline in the N-BNP group and significantly 
fewer cardiovascular events (cardiovascular death, hospital 
admission, or worsening heart failure) were seen compared with 
the clinical assessment group (P < 0.05) in whom N-BNP levels fell 
by only 3 pmol/L. This study suggests that patients with raised N- 
BNP levels are at higher risk of cardiovascular events, and therapy 
directed at reducing the N-BNP level is more effective than clinical 
assessment alone in preventing cardiovascular events [15]. 
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Figure 8-16. Activation of different neurohumoral systems, 
especially the sympathetic and renin-angiotensin-aldosterone 
systems, plays a central role in the progression of heart failure. High 
circulating concentrations of several neurohormones have been 
found in patients with heart failure, in particular norepinephrine 
(NE), atrial and natriuretic peptides (ANP, BNP), plasma renin 
activity (PRA), aldosterone (aldo) and endothelin-1 (ET-1). In the 
Valsartan Heart Eailure Trial (Val-HeET), six different neuro- 
hormones were assayed at baseline in more than 4300 of the 5010 
patients randomized with stable heart failure of class II-IV severity. 
All the neurohumoral factors were found to be significant markers 
of outcome, despite therapy with angiotensin-converting enzyme 
inhibitors, (3-blockers, and randomization to an angiotensin 
receptor blocker or placebo. Several of these hormones have been 
implicated as contributors to progression of heart failure, but BNP, 
which is thought to be protective, was the most powerful Indicator 
for poor outcome [15]. 

A illustrates the hazard ratio and 95% Cl for all-cause mortality. 

B depicts mortality and morbidity according to baseline neuro- 
hormones, high (> median) versus low (< median). (Cox simple 
regression analysis [16].) 
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Figure 8-17. Ventricular arrhythmias are a frequent finding in 
congestive heart failure (CHF) patients and a cause of concern for 
patients caring for them. Previous studies have reached 
conflicting conclusions regarding the importance of ventricular 
arrhythmias as predictors of sudden death in patients with CHF. 




This study examined the independent predictive value of 
ventricular arrhythmias for sudden death and all-cause mortality 
in the PROMISE (Prospective Randomized Milrinone Survival 
Evaluation) trial. A and B, In the PROMISE trial, nonsustained 
ventricular tachycardia (NSVT) on baseline ambulatory ECGs 
from 1080 patients with HF (54% ischemic cardiomyopathy) and 
New York Heart Association (NYHA) class III-IV symptoms 
predicted sudden death. C, Univariate logistic analysis showed 
false-positive rates of greater than 80% at all sensitivity levels of 
50% or greater for NSVT episodes, the best of the ECG variables, 
in predicting sudden death. This demonstrates that NSVT 
on ambulatory ECGs has poor sensitivity and specificity for 
discriminating between sudden death and all-cause mortality. 
Ventricular arrhythmias are likely a marker for more severe 
HF and thus increased mortality. The NSVT episodes indicates 
number of NSVT episodes (logarithm [In] transformed); NSVT 
duration indicates longest number of continuous beats of NSVT 
(In transformed) [17]. 

Figure 8-18. Effects of electrophysiologically guided antiar- 
rhythmic therapy on mortality in patients with ischemic left 
ventricular dysfunction and asymptomatic, unsustained 
ventricular tachycardia (VT). A total of 704 patients (New York 
Heart Association functional class I-III) in whom sustained VT 
could be induced at electrophysiologic (EPG) testing were 
assigned to receive antiarrhythmic therapy including drugs 
(predominantly class I agents) and implantable defibrillators, or 
no antiarrhythmic therapy. Eighteen percent of patients randomly 
assigned to receive no antiarrhythmic therapy had a cardiac arrest 
or death from arrhythmia during a median follow-up period of 
39 months. Rates of cardiac arrest, death from arrhythmia, and 
overall mortality were reduced only by treatment with a 
defibrillator. The results of this study suggest that it is reasonable 
to perform EPG testing in patients with ischemic left ventricular 
dysfunction and asymptomatic VT, with implantation of a defib- 
rillator if sustained VT can be induced [18]. 
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Assessment of Therapeutic Responses 




Figure 8-19. The most commonly used endpoints to ascertain 
changes in cardiopulmonary functional status during an exercise 
tolerance test. Patients exercise on a treadmill or bicycle against a 
gradually increasing workload until they stop because of dyspnea 
and fatigue. The most frequently used measure is total exercise 
time. Peak oxygen consumption is readily determined with 
equipment to monitor breath-by-breath respiratory gases and air 
flow. The anaerobic threshold that indicates excess carbon dioxide 
production from anaerobic metabolism is determined by the 
examination of several criteria such as a disproportionate increase 
in carbon dioxide production and ventilatory exchange relative to 
oxygen uptake, but this threshold is difficult to identify in many 
patients with heart failure. 

Some of the problems with using a peak exercise test to assess 
the response to treatment include the following: 1) patient's 
routine daily activities usually do not involve this level of stress; 

2) concurrent conditions such as angina, peripheral claudication, 
and arrhythmias may interfere with an assessment of dyspnea and 
fatigue; and 3) improvements have often occurred while the 
patient is taking placebo because of learning effects, training 
effects, and motivational factors. 




Figure 8-20. Results of a 6-minute walk test in relation to peak 
oxygen consumption on a treadmill and New York Heart 
Association classification. Patients were asked to walk as far as 
they could in 6 minutes on a level corridor. They could slow down 
or stop if necessary and were told when 3 and 5 minutes had 
elapsed. Some encouragement was given (this needs to be stan- 
dardized to avoid biasing the results of the test). The closed circles 
represent patients whose ordinary physical activity caused 
symptoms such as dyspnea and fatigue (class II), and the closed 
triangles represent patients who became symptomatic during less 
than ordinary physical activity (class III). The opmi circles represent 
normal subjects. There were no subjects in this study who were 
symptomatic with any physical activity or at rest (class IV) or who 
were not unduly symptomatic during ordinary physical activities 
(class I). Self-paced walking tests are being evaluated in clinical 
trials and may serve as a simple measure of the effects of heart 
failure on daily physical activity [19]. 
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1 LIVING WITH HEART FAILURE QUESTIONNAIRE 


These questions concern how your heart failure {heart condition) has prevented you from living as you wanted during the last month. 
The items listed below describe different ways some people are affected. If you are sure an item does not apply to you or is not related 
to your heart failure then circle 0 {No) and go on to the next item. If an item does apply to yoUn then circle the number rating how much 
it prevented you from living as you wanted. Remember to think about ONLY THE LAST MONTE t. 


DID YOUR HEART FAILURE PREVENT YOU 
FROM LIVING AS YOU WANTED DURING 
THE LAST MONTH BY: 


NQ 


VERY 

IIHLE 








VERY 

MUCH 


1 . causing swelling in your ankles, legs, etc? 


0 


t 


2 


3 


4 


5 


2. making you sit or lie down to rest during 
the day? 


0 


1 


2 


3 


4 


5 


3. making your walking alxjul or climbing 
stairs cliff icu It? 


0 


t 


2 


3 


4 


5 


4. making your working around the 
house or yard difficult? 


0 


1 


2 


3 


4 


5 


5. making your going places away from 
home difficult? 


0 


1 


2 


3 


4 


5 


6. making your sleeping well at night 
difficult? 


0 


1 


2 


3 


4 


5 


7. making your relating to or doing things 
with your friends or family difficult? 


0 


1 


2 


3 


4 


5 


8. making your working to earn a living 
difficult? 


0 


1 


2 


3 


4 


5 


9. making your recreational pastimes, sports 
or hobbies difficult? 


0 


1 


2 


3 


4 


5 


10. making your sexual activities difficult? 


0 


1 


2 


3 


4 


5 


n , making you eat less of the tbods you like? 


0 


1 


2 


3 


4 


5 


12. making you short of breath? 


0 


1 


2 


3 


4 


5 


13. making you tired, fatigued, or low on 
energy? 


0 


1 


2 


3 


4 


5 


14. making you stay in a hospital? 


0 


t 


2 


3 


4 


5 


15. costing you money for medical care? 


0 


1 


2 


3 


4 


5 


1 6. giving you side effects from medications? 


0 


1 


2 


3 


4 


5 


1 7. making you feel you are a burden to your 
family or friends? 


0 


1 


2 


3 


4 


5 


1 8. making you feel a loss of self-control in 
your life? 


0 


] 


2 


3 


4 


5 


1 9. making you worry? 


0 


1 


2 


3 


4 


5 


20. making it difficult for you to concentrate 
or remem l?er things? 


0 


1 


2 


3 


4 


5 


21. making you feel depressed? 


0 


1 


2 


3 


4 


5 



Figure 8-21. The Minnesota Living with Heart Failure question- 
naire. Improvement in quality of life (QOL) is one of two primary 
goals of therapy (prolonged survival being the other). This measure 
of QOL, which has been used in many investigations of treatments 
for heart failure, defines QOL as living as one wants with minimal 
limitations secondary to heart failure and its treatment. Physical, 



social, emotional, and economic limitations are included. Patients 
self-administer the questions after listening to a standard set of 
instructions. The score is the sum of the responses for all 21 ques- 
tions. Eight questions including dyspnea and fatigue are highly 
interrelated and their sum is called the physical dimension. Similarly, 
five interrelated questions comprise an emotional dimension [20,21]. 
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Figure 8-22. Effect of valsartan on hospitalization. Although current therapies have 
improved heart failure (HE) outcome, hospitalizations continue at high rates. The Valsartan 
Heart Eailure Trial (Val-HeFT) showed that valsartan reduced the risk of first worsening HE 
hospitalization by 27.5% versus placebo (P < 0.001). Val-HeFT was a randomized, double- 
blind parallel-arm study in which HE patients (New York Heart Association class II-IV) 



received either valsartan {n = 2511, force- 
titrated to 160 mg twice daily) or placebo {n 
= 2499) in addition to prescribed HE 
therapy. Total and per patient-year 
investigator-assessed hospitalizations 
(all-cause or HE) were analyzed according 
to prescribed therapy at baseline (angio- 
tensin-converting enzyme inhibitors [ACEI] 
and (3-blockers [BB]). Hospitalization for 
worsening HE accounted for 35% of all 
hospitalizations. There were 2856 and 3106 
total all-cause hospitalizations in the 
valsartan and placebo groups, respectively: 
an 8% reduction (P = 0.145). Valsartan 
significantly reduced the overall number of 
investigator-assessed HE hospitalizations 
(-22.4%; P = 0.002) and reduced HE hospi- 
talizations in the combination therapy 
subgroups (significant for ACEI yes/BB no 
[P = 0.003] and ACEI no/BBno [P = 0.028]) 
except those receiving both ACEI and BB. 
The benefit of valsartan versus placebo was 
more pronounced in reducing the number 
of patients with recurrent HE hospi- 
talization (-20.6To) than single hospital- 
izations (-8.7To). Addition of valsartan to 
prescribed HE therapy demonstrated 
significant reductions in HE hospitalizations 
and was particularly beneficial in reducing 
recurrent HE hospitalization [22]. 
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Unstable Heart Failure 



Carl V, Leier and David A. Orsinelli 

Unstable heart failure represents the clinical state of progressively worsening 
or decompensated heart failure, which, if not improved within a reasonable 
time (usually minutes to hours), often ev^olves into markedly symptomatic 
heart failure, cardiovascular collapse, and shock or death. The clinical 
settings include, among others, the patient who arrives in the emergency 
room in acute pulmonary edema, the patient with postinfarction cardiogenic 
shock, the patient who cannot be weaned from cardiopulmonary bypass after 
cardiac surgery, or the chronic heart failure patient who is experiencing a 
rather abrupt worsening of symptoms. Most patients with unstable heart 
failure must be approached with a certain sense of urgency. 

The management approach to unstable heart failure is directed specifically 
at improving the tenuous clinical condition and suffering that many of these 
patients are experiencing, and promptly correcting or reversing the 
underlying cause of the unstable, decompensated cardiac condition. The 1- 
year mortality rate for patients who present with acute pulmonary edema 
and whose underlying lesion or condition is not determined, corrected, or 
properly treated exceeds and is worse for those who go on to develop 
cardiogenic shock [1—5]. For many patients, unstable or decompensated 
cardiac failure cannot be improved without definitive correction of the 
underlying lesion acute valvular regurgitation, high-grade obstructive 
disease of a major coronary artery)* 

Atherosclerotic coronary artery disease is the most common etiology for 
acute and chronic heart failure in Western societies. The short- and long-term 
clinical courses of patients with atherosclerotic heart disease are strongly 
dependent on the relative amounts of well-perfused viable myocardium, 
reversibly ischemic myocardium, and infarcted (irreversibly necrotic or 
fibrotic) myocardium. Methods are now available to save jeopardized, 
ischemic myocardium from infarction and to bring it back to a viable, 
functional state; these methods include thrombolysis, interventional coronary 
catheterization {eg, angioplasty with stent placement), and bypass surgery. 
For the patient who presents with unstable heart failure secondary to acute 
myocardial infarction, the concept of "time is muscle" is extremely important. 
Detection of myocardial infarction, followed by definitiv^e diagnostic and 
therapeutic interventions (medical or surgical), must take place as soon as 
possible after patient presentation. A delay in or inefficient delivery of 
definitive cardiovascular services in this setting unec|uivocally jeopardizes 
the immediate and long-term outcome of the patient who presents with 
symptomatic heart failure caused by occlusiv^e coronary artery disease. 

From the standpoint of clinical reievance and application and for the sake of 
clarity, unstable heart failure is presented here as acute heart failure and decom- 
pensated chronic heart failure. The view's presented in this chapter are 
consistent with the most current heart failure guidelines l6,7]. 






Acute Heart Failure 



COMPARISONS OF UNSTABLE VERSUS CHRONIC HEART FAILURE 






DECOMPENSATED 


CHRONIC 


FLATURE 


ACUTE HEART FAILURE 


CHRONIC HEART FAILURE 


HEART FAILURE 


Symptom severity 


Marked 


Marked 


Mild to moderate 


Pulmonary edema 


Frequent 


Frequent 


Rare 


Peripheral edema 


Rare 


Frequent 


Occasional 


Weight gain 


None to mild 


Frequent 


Frequent 


Whole-body fluid volume load 


No change or mild increase 


Markedly increased 


Increased 


Card i 0 mega ly 


Uncommon 


Usuah 


Common* 


Ventricular systolic function 


Hypo-, nor mo-, 
or hypercon tract tie 


Reduced* 


Reduced* 


LV wall stress 


Elevated 


Markedly elevated 


Elevated 


Activation of sympathetic 


Marked 


Marked 


Mild to marked 


nervous system 








Activation of ren in-angiotensin - 
aldosterone axis 


Often increased 


Marked 


Mild to marked 


Elevation of circulating natriuretic 
peptides: ANR BNP 


Moderate to marked 


Marked 


Mild to marked 


Reparable, remedial causative lesion(s) 


Common 


Occasional 


Occasional 


•Ritients wilh diastolic dysfunction heart failure may have little to no cardiomegaly and normal systolic function. 



Figure 9-1. Comparisons of unstable versus chronic heart failure. 
Clinical and pathophysiologic characteristics of the two major 
categories of unstable heart failure (acute heart failure and decom- 
pensated chronic heart failure) are compared with those of 
chronic heart failure. Chronic heart failure (compensated and 
decompensated) is accompanied by total volume overload, weight 
gain, and edema. In contrast, acute heart failure is less char- 
acterized by total volume overload but is often accompanied by a 
shift of intravascular volume centrally to cardiac chambers and 
pulmonary vasculature. Therefore, diuretics, angiotensin- 
converting enzyme inhibitors, and p-blockers represent rational 
pharmacotherapy for chronic heart failure. Acute 
preload and afterload reduction (nesiritide, sublingual and 



intravenous nitroglycerin, or nitroprusside), supplemented by 
intravenous diuretic administration and occasionally by positive 
inotropic or vasopressor support {eg, dobutamine, milrinone, 
dopamine), represent the proper pharmacotherapeutic approach 
to most patients with acute heart failure. A combination of these 
strategies is often necessary to stabilize and improve decom- 
pensated chronic heart failure. An important feature that 
distinguishes the management approach to acute heart failure 
from that of chronic heart failure is the high incidence of reparable 
lesions {eg, acute occlusion of a major coronary artery, ruptured 
chordae tendineae) causing acute heart failure, although an 
occasional patient with chronic heart failure may also require 
definitive intervention. LV — left ventricular. 
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Myocardial ischemia- infarction 

Ventricular systolic or diastolic dysfunction 

Mitral valve regurgilati<)n 

Ventricular rupture {septum, free wall) 

Disruption t»f valvular apparatus (aortic, mitral) 

Myocarditis or cardiomyopathy 

Uncontrolled, severe systemic hypertension 

Others, eg, cardiac dysrhythmias, pulmonary emboli, 
pulmonary hypertension, pericardial tamponade 



Figure 9-2. Major causes of acute heart failure. Acute heart 
failure is often caused by one or more of these common 
conditions. It is apparent that many of these disorders and lesions 
can be definitively treated. Therefore, in addition to clinical and 
hemodynamic stabilization, the approach to acute heart failure 
includes an active search and specific intervention for reparable 
lesions with the dual intent of improving the patient's short and 
long-term course and averting a recurrence of acute heart failure 
and the development of chronic heart failure. 



STEPS IN CLINICAL AND HEMODYNAMIC 
STABILIZATION OF ACUTE HEART FAILURE 



1 . Administer oxygen (T Fp^) 

2. When accompanied by fluid volume overload or 

“congestive" component 

Suhlingual nitroglycerin 

Intravenous fumsemide 

Consider additional prehjad-aflerload reduction 
(nesiritide, IV nitroglycerin, nitroprusside) 

Consider morphine sulfate 

3. Evaluate early for 

Readily reversible causes of acute heart failure 
(e^, cardiac dysrhythmias, pericardial tamponade); 
if present, initiate appropriate intervention 

Myocardial ischemia-infarction; if present, promptly 
initiate appropriate interventions icg, thromholylic 
therapy, urgent angioplasty) 

4. If patient is refractory to above therapies, hypotensive, or in 

cardiogenic shock 

Intravenous fluid administration if no evidence is found 
for fluid volume overload 

Consider intravenous inotropic or vasopressor agents 

Consider catheter placement (pulmonary and systemic 
arterial) 

Obtain echocardiogram to assist in diagnosis, 
evaluation, and determining reparability of the 
culprit lesion or condition 

Consider need for mechanical circulatory assistance 
dntra-aortic balloon counterpul sal ion) 

5. Proceed to definitive diagnostic and interv'entional 

procedures 

6. Be prepared to administer advanced cardiovascular life 

support at any point as neederl 



Figure 9-3. General management of acute heart failure. Because of 
the high likelihood of an underlying reparable lesion or condition, 
the general management approach to acute heart failure emphasizes 
definitive diagnostic studies. The patient's hemodynamic and 
clinical status are improved and stabilized to allow safe passage 
through definitive diagnostic testing {eg, echocardiography, cardiac 
catheterization) and intervention {eg, surgery, coronary angioplasty). 
Major steps in the initial management of acute heart failure [2,5-34] 
are arranged in the general order of application and according to the 
general types of acute heart failure encountered: 

1) When possible, it is informative to obtain pulse oximetry 
or arterial blood for gas analysis before and after oxygen 
administration. 

2) Sublingual nitroglycerin can be administered at a dose of one 
tablet (one or two sprays) every 5 minutes three or four times 
until nesiritide, intravenous nitroglycerin, or nitroprusside take 
effect. Furosemide is usually administered in a dose range of 

20 to 80 mg intravenously. Preload-afterload reduction beyond 
sublingual nitroglycerin is best achieved by intravenous (IV) 
administration of nesiritide, nitroglycerin, or nitroprusside. 

3) The medical history and electrocardiogram are obtained 
early in the evaluation of the patient with acute heart failure to 
determine whether myocardial ischemia-infarction is the 
underlying cause for the acute event and whether the patient 
is a candidate for acute intervention {eg, thrombolytic therapy, 
coronary angioplasty with stent). 

4) Dobutamine, milrinone, dopamine, and norepinephrine 
represent the principal inotropic or vasopressor agents used 
in this acute care setting. 

5) Once the patient's condition is stabilized, diagnostic and 
interventional procedures can be performed. 

6) . Be prepared to administer advanced cardiovascular life 
support at any point as needed. 
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CONSIDERATIONS IN ADMINISTERtNC MORPHINE SULFATE 


FOR ACUTE HEART FAILURE 


DOSE 


I’RK AL I IONS l\ PATH' NTS WITH HEART FAILURE 


2-6 mg inirjvenousty 


Acidosis or marginally compensated acidosis 


OPTIONAL THERAPY 


Chronic lung disease 


Consider in the patient with 
pulmonary edema who is still 
dyspneic after administration oi 
sublingual nitroglycerin tx 3-^) 


tnadeciuate availability {)t prompt 
ventilatory support, it' needed 



Figure 9-4. Considerations in admin- 
istering morphine sulfate for acute heart 
failure. With the appropriate use of 
sublingual and intravenous nitroglycerin 
or nesiritide, morphine sulfate should no 
longer be viewed as a routine step in the 
management of acute heart failure, 
particularly in the presence of the 
precautions noted. 




Figure 9-5. A practical working diagram of the cardiovascular support drugs commonly 
used in the initial short-term management of acute or severe heart failure. It is assumed that 



patients who require these support drugs 
have adequate to high left ventricular 
diastolic filling pressures (> 18 mm Hg) or 
clinical evidence of fluid volume overload. 
Systemic hypoperfusion and hypotension in 
a patient without evidence of volume 
overload or with filling pressures of less 
than 18 mm Hg should be approached with 
a fluid volume challenge as the first step. On 
the basis of the clinical presentation and the 
state of systemic perfusion and blood 
pressure, the initial drug of choice is selected 
and its dosage is increased until clinical or 
hemodynamic endpoints are achieved or 
adverse effects appear. At this point, 
inadequate improvement of clinical status 
and systemic perfusion usually requires 
either the addition of a second agent as 
combination therapy or mechanical 
assistance. TV — intravenous. 
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PRINCIPAL PRELOAD- AND AFTERLOAD-REDUCING DRUGS FOR ACUTE OR SEVERE HEART FAILURE 


URUC 


DOSING 


POTENTI AL ADVANTACiL 


POTENTIAL DISAHVANTAGES 


Nitroglycerin 


Sublingual: t tablet 
(or 1 -2 sprays) x 3-4 
at 5 -min intervals 

Intravenous: 0.4 pg^kg/min 
initially; increase as needed 

Intravenous: 0.1 pglg^min 


Favorable effect on coronar)^ 
vasculature and in myocardial 
ischemia-infarction 


To lera n ce d u ri ng pro 1 ongc»d i n f u s ion 
Fluid retention 

Inadequate afterload reduction in catastrophic 
ca rd io vase u 1 ar d i so rders { eg, ac u te va 1 vu 1 a r i ns u f- 
fidency. ventricular rupture) 


Nitroprusside 


Initially; increase as needed 


Relatively powertui afterioad 
reduction 


Less fa vorab 1 e eft ec 1 on c oro na ry vase u 1 a tu re a nd 
mycxrardial ischemia; administration must Ix^ 
dosety monitored to avoid marked hypotension; 
thiocyanate or cyanide toxicity during high-dose or 
prolonged infusions, particularly in patients with 
renal failure 


Nesiritide 


0.01 pg/kg/min initially (± 
bo! us at onset of infusion); 
increase as needed 


Favorable renal profile 
± diuresis 


Hyf5otension, bradycardia (infrequent) 



Figure 9-6. Principal preload- and afterload-reducing drugs for 
acute or severe heart failure. Nesiritide, nitroglycerin, and nitro- 
prusside are the primary vasodilators used to reduce excessive 
preload and afterload in acute or severe heart failure [8-11], 
Nitroglycerin and nesiritide are used most often, particularly in 
conditions caused by occlusive atherosclerotic coronary artery 
disease. Nitroprusside is the drug of choice when more aggressive 



afterload and preload reduction are needed; examples include 
catastrophic cardiovascular events (eg, acute, severe mitral, or 
aortic regurgitation), hypertensive emergencies (eg, aortic 
dissection, pulmonary edema), and inadequate response to 
nesiritide or nitroglycerin. These agents have obviated volume 
phlebotomy as an intervention for the vast majority of patients 
who present with acute pulmonary edema. 




Figure 9-7. Comparative systemic vascular responses to the 
major sympathomimetic amines most commonly employed in 
acute or severe heart failure. Low-dose (<5.0 pg/kg/min) 
dopamine has significant visceral and renal vasodilatory properties 
but behaves as a vasoconstrictor at higher doses (>6.0 pg/kg/ min) 
[12-17]. Norepinephrine and phenylephrine are used primarily for 
their vasoconstrictor properties and dobutamine for its positive 
inotropic and favorable vascular effects (decreasing vascular 
resistance). Because vasodilatationis more predictably and safely 
achieved with nesiritude, nitroglycerin, and nitroprusside, 
isoproterenol is at present rarely used in the management of 
acute heart failure. 
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DOPAMINE 




PHARMACOLOGIC FEATURE 


DOBUTAMINE 


LOW DOSE 


HIGH DOSE 


NOREPINEPHRINE 


General description 
Dose, 


Pbsitive inotrope with 
balanced peripheral 
vascular eft^ls 


Dopaminergic vasodilator, 
"renaP dopaminergic dose 


Vasopressor with some 
positive inotropic effects 


Vasopressor 


Initial 


2.0 


1.0 


5.0 


0.03 


Usual range 


2-20 


1-5 


5-20 


0.02-0.20 


Most common adverse effects 


Tachycardia 


Tachycardia 


Tachycardia 


Intense vasoconstriction 




Dysrhythmias 

Angina 


Dysrhythmias 


Dysrhythmias 

1 ntense vasoconstf idion 

Angina 


Dysrhythmias 

Angina 



DOPAMINE 



PHARMACOLOCiK F [ ARiKL 


DOBUTAMINE 


MILRINONE 


LOWPQSi 


HIGH DOSE 


NOREPINEPH 


Receptor agon ism 


a 


+ 


0 


+ 


+++ 
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p. 
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0 


+ 
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+ 
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+ + 
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0 


0 


0 


Dopaminergic 


0 


0 


+++ 


++ 


0 


Systemic vascular resistance 


a 




1 


TT 


TTTT 


Stroke volume and cardiac output 


TTTT 


TTTT 


T 


TT 


T 


Ability to increase systemic blood pressure 


— ^ to T 


— > to ^ 




TTT 


TTTT 


Ventricular filling pressure 


a 




4, to 


^toTT 


^toTT 


Chronotropic 


to TT 


^to TT 
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-> to TTT 


— > to T 


M yoc a rd i a 1 oxyge n dem a n d/su pfi ! y 
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— * to T 


TT 


TT 



Figure 9-8. A and B, Principal pharmacologic properties and 
therapeutic considerations in the use of the major inotropic and 
vasopressor agents in acute heart failure [12-18]. Milrinone 



delivers most of its hemodynamic properties through phospho- 
diesterase inhibition. 
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Figure 9-9. Electrocardiographic 
diagnosis of acute myocardial ischemia- 
infarction as a cause of acute heart failure. 
A, Electrocardiographic tracing obtained 
in the emergency room showing infero- 
posterior injury in a 61 -year-old woman 
who presented with a 45-minute history 
of marked dyspnea, chest discomfort, 
and nausea. 

B and C, Urgent percutaneous coronary 
intervention of the acutely thrombosed, 
high-grade right coronary artery 
obstruction {arrow in B depicts point 
of obstruction) reestablished patency and 
flow (C), and symptoms resolved within 
1 hour of presentation. 




MANAGEMENT OF ACUTE MYOCARDIAL IN)URY-ISCHEMIA- 
INFARCTION IN THE PRESENTATION OF ACUTE HEART FAILURE 



£ar/y detection with successtui treatment is crucial for favorable short- and long-term 

clinical course and prrjgnosis; '*time is muscle’' 

Thrombolytic therapy 

Presentation within 12 h of the onset of angina or angina-equivalent symptoms ‘ 
with ECG changes of injury-ischemia 

Angina or angina-equivalent symptoms and ECG changes of ifijur>-ischemia ± 

infarction that recur or [)ersist oeyond f> h since the onset of sympioms 

Emergent cardiac catheterization + intervention 

It readily accessible, should !>e the initial approach to acute myocardial injury- 
ischemia (catheterization laboratory modalities: angioplasty + stent placement, 
assessment for urgent bypass surgery) 

Ischemic symptoms or signs (ECG) that persist or recur beyond initial 
management and thrombolytic therapy 

Cardiogenic shock or near-shock 

Ref ra c tc j ry o r rec u rren t a c u te hea rt f a i 1 u re 

Evaluation of clinical events that have a high likelihood of evolving into heart 
fa i I u re ( n e w sy st o I i c m u rm u r ) 



Figure 9-10. Major issues in the 
management of myocardial injury- 
ischemia-infarction in the setting of 
acute heart failure [2-5,19-34]. The 
important principles of general manage- 
ment include prompt detection and 
management of myocardial injury- 
ischemia-infarction; prompt detection 
and treatment of the lesions underlying 
the development of acute heart failure; 
and vigilance for the complications of 
ischemia or infarction {eg, ruptured myo- 
cardium), which can potentially evolve 
into cardiovascular decompensation and 
failure. ECG — electrocardiogram. 
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INDWELLING VASCULAR CATHETERS 



A. INDWELLING PULMONARY ARTERY 
CATHETERS (SWAN-GANZ CATHETER) 



^PPI IfATIONS IN AfUTF HFART FAILURE 
Acute heart tailure not responsive to standard, initial measures 
Cardiogenic shock and near-shock not rc?sponsive to initial management 
Uncertain status of intravascular volume and ventricular filling pressure's 

Monitor and guide the administration of fluid volume and cardioactive drugs 
nitroprusside, {lobulamine, dopamine, milrinone) 

Assessment of dyspnea and other potential symptoms of heart failure in patients 
with masking conditions chronic lung disease, marked olTesity) 

Assist in the determinal k)n of whether pulmonary edema is of cardiogenic 
or noncardiogenic origin 

Evaluation of a new systolic murmur when echocardiography is not available 
or diagmistic 

GENERAL REQUIRLMINIS 
Experienced, proficient operator 

Trained personnel to assist in catheter insertion, use, and maintenance 

Compatible, accurate amplification-recording equipment 

Catheterization laboratory, emergency department, or intensive care unit setting 



B, INDWELLING SYSTEMIC 
ARTERIAL CATHETERS 



APPLICATIONS IN ACUTE 
HEART FAILURE 

Continuous monitoring and recording 
of systemic blood pressure 

Conduit for freTjuent, repeated blcxxl 
gas determinations 



Figure 9-11. General indications and other 
issues of practical application for the 
pulmonary artery (Swan-Ganz) catheter 
(A) and systemic arterial catheter (B). 
Indwelling vascular catheters may be 
necessary for the optimal management of 
acute or severe heart failure. The 
pulmonary artery catheter can provide 
useful data to assist in the diagnosis of 
certain threatening lesions and conditions 
{eg, right ventricular infarction, ruptured 
ventricular septum) in addition to its use in 
monitoring fluid and drug therapy 



ECHOCARDIOGRAPHY 



GENERAL APPLICATIONS FOR ECHOCARDIOGRAPHY 
IN ACUTE HEART FAILURE 



Pti rl of t h e o vera 1 1 e va I u a 1 1 o n of a c u I e h ea rt fa i I u re — p rn v i des 
diagnostic and prognostic information 

Emergent ly in 

Cardiogenic shock and near-shock 
Refractory pulmonary edema 

Suspected mechanical complications of myocarflial infarction 

When the underlying etiology is not dear or requires 
confirmation or the differential diagnoses include major, 
often masked, reparable lesions 

In the assessment of the extent of myocardial involvement in 
acute ischemia and infarction 

As part of the cardiac evaluation of unexplained dyspnea and 
other symptoms of respiratory failure 

In the evaluation of a new systolic murmur and its role in the 
clinical presentation 



Figure 9-12. Common clinical reasons for the use of echocar- 
diography in acute heart failure. Examples of major, often masked, 
reparable lesions include clinically silent aortic stenosis, mitral 
stenosis or regurgitation, mechanical complications of acute 
myocardial infarction (rupture of papillary muscle, ventricular 
septum or left ventricular free wall), mechanical or infectious 
complications of native and prosthetic valves, pericardial 
tamponade, and intracardiac tumor. Assessing the extent of 
myocardial involvement by echocardiography in acute ischemia 
and infarction is particularly informative in patients with 
nondiagnostic electrocardiograms {eg, left bundle branch block). 
Transesophageal echocardiography is used when transthoracic 
echocardiographic images are inadequate to answer the 
clinical question. 
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CASE PRESENTATIONS 




Figure 9-13. Echocardiography in the evaluation of congestive 
heart failure in a patient with valvular heart disease. A previously 
asymptomatic 69-year-old woman with known severe aortic stenosis 
and preserved ejection fraction presented with a 3- to 4-month 
history of dyspnea on exertion and recent progressive dyspnea to the 
point of dyspnea at rest. Initial physical examination was consistent 
with congestive heart failure and severe aortic stenosis. Following 
acute therapy with intravenous diuretics, her symptoms improved. 



Transthoracic two-dimensional echocardiography (A) demonstrated 
a heavily calcified, restricted aortic valve (arrows), concentric left 
ventricular hypertrophy, and mild systolic dysfunction (estimated 
ejection fraction, 40%). Doppler echocardiography (B) demonstrated 
a peak and mean aortic valve gradient of 105 mm Hg and 64 mm Hg, 
respectively. The valve area was calculated to be 0.4 cm square. She 
subsequently underwent aortic valve replacement. Ao — aorta; 

LA — left atrium; LV — left ventricle. 




Figure 9-14. Echocardiography in the diagnosis of left ventricle 
contraction abnormality. A 50-year-old man with diabetes mellitus 
and chronic renal failure underwent three-vessel coronary artery 
bypass surgery. Several months later, he presented with the 
clinical picture of acute myocardial infarction and congestive 
heart failure. The initial echocardiogram demonstrated severe 
segmental left ventricular dysfunction. Diastolic (A) and systolic 
(B) frames from an apical four-chamber view demonstrate a large 
midseptal and apical contraction abnormality, which in other 
views also involved the midanterior and inferior segments. 



Repeat coronary arteriography showed severe occlusive disease of 
his native coronary arteries and patent bypass grafts; however, the 
distal run-off of the left anterior descending artery was poor. He 
was treated rather aggressively with nitrates, angiotensin- 
converting enzyme inhibitor, (3-adrenergic blockade, and other 
appropriate agents (eg, statin, aspirin). Repeat echocardiography 1 
month later showed marked improvement in left ventricular 
systolic function, suggesting that there was a large amount of 
stunned myocardium present in the septal and apical regions of 
the initial echocardiogram. 
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Figure 9-15. Acute mitral regurgitation (MR) due to papillary 
muscle rupture: transesophageal echocardiography in the 



Figure 9-16. Echocardiographic evaluation of heart failure 
symptoms in a patient with systemic lupus erythematosus (SEE). 
A 43-year-old man with SEE presented to the emergency 
department with several days of increasing dyspnea, orthopnea, 
lightheadedness, and chest '"pressure." An echocardiogram 
demonstrated a large pericardial effusion with signs of 



diagnosis of the etiology of acute MR. A 46-year-old man with no 
significant past medical history presented with a 1-week history 
of a cough productive of pinkish sputum followed by progressive 
dyspnea and chest heaviness. Initial cardiac biomarkers were 
mildly elevated and his initial electrocardiogram demonstrated 
no acute changes. His symptoms improved with intravenous 
nitroglycerin and antithrombotic therapy. Cardiac catheterization 
demonstrated an end diastolic pressure of 40 mm Hg, severe 
MR with angiography, and a totally occluded right coronary artery 
in the arteriovenous groove segment. He developed acute 
respiratory failure requiring intubation. An intra-aortic balloon 
pump was placed and he was treated with intravenous nitro- 
prusside. Emergent transesophageal echocardiography was 
performed in the cardiac care unit. This demonstrated rupture 
of a head of the posteromedial papillary muscle (arroiv) with a 
resultant partially flail posterior mitral valve leaflet and severe 
MR. There was a small inferior-posterior wall motion abnormality 
with preserved ejection fraction estimated at 65%. The patient 
underwent mitral valve replacement and single- vessel bypass. The 
arrozv points to the head of the papillary muscle prolapsing into 
the left atrium during systole. TA — left atrium; TV — left ventricle. 



tamponade. A parasternal long axis view (A) shows a large 
pericardial effusion anterior and posterior to the heart {arrows) 
with compression of the right ventricle free wall {double arrow). The 
M-mode tracing (B) demonstrates diastolic collapse of the right 
ventricle. The patient underwent pericardiocentesis with 
symptomatic relief. 
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INTRA-AORTIC BALLOON COUNTERPULSATION 




Figure 9-17. Intra-aortic balloon counterpulsation (lABP). A, 
Mechanical support in acute heart failure via intra-aortic balloon 
counterpulsation. By inflating a balloon within the blood-filled 
aorta during diastole, intra-aortic counterpulsation improves 
hemodynamics by augmenting coronary or myocardial and 
peripheral tissue perfusion. Myocardial oxygen consumption and 
ventricular afterload are reduced as well [19-23]. B, General 
applications in acute heart failure. ECG — electrocardiogram. 




Cardiogenic shock 

Cardiogenic near-shock not responsive to standard therapy 

Acute pulmonary edema and other torms of acute cardiac 
failure not responsive to standard initial therapy 

Acute mitral regurgitation and acute ventricular septal or 
free wall rupture 

Acute heart failure accompanit'd by refractor)^ angina or 
an obstructive lesion of the left main coronary artery 

For clinical and hemodynamic stabilization through 
definitive diagnostic and therapeutic procedures 

Relative contraindications 
Significant aortic insufficiency 
Aortic dissection, aneurysm 




DEFINING AND TREATING CAUSATIVE LESIONS 



THE MAJOR, DEFINITIVE DIAGNOSTIC, AND INTERVENTIONAL PROCEDURES 
1 MOST COMMONLY USED IN THE MANAGEMENT OF ACUTE HEART FAILURE 


1 DIAGNOSTIC 


INTERVENTIONAL 


Electrocardiography 


Thrombolysis 


Chest radiography 


Coronary angioplasty + stent placement 


Echocardiography (transthoracic, transesophageal) 


Coronary artery bypass surgery 


Cardiac catheterization 


Va 1 vu 1 ar repa i r or replacement 


Coronary arteriography 


Repair of ventricular rupture I septal, papillar)^ free wall) 


Contrast ventriculography 


Others {eg, pericardtocenlesis for tamponade, aortic surgery 
for acute ciissection} 



Figure 9-18. Procedures most commonly used in the management 
of acute heart failure. Echocardiography and catheterization are the 
major diagnostic modalities used to define the presence and revers- 
ibility of causative lesions in acute heart failure. Other methods, 
such as nuclear magnetic resonance imaging, may also be useful in 
certain clinical situations. Based on the findings of these diagnostic 
studies, a variety of interventions may be used to reverse and treat 



the culprit lesions. A crucial component in management of acute 
heart failure is clinical and hemodynamic stabilization of the patient 
to allow performance of definitive diagnostic studies and inter- 
ventional procedures. The short- and long-term outcomes of 
patients with acute heart failure are directly related to the proficient 
management of acute heart failure, clinical and hemodynamic 
stabilization, and definitive diagnosis and intervention. 
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CAVEATS AND PITFALLS IN THE MANAGEMENT 
OF ACUTE HEART FAILURE 



Misdiagnosis 

Delay in the diagnosis and ireatment of myocardial 
ischemia-infarction 

Overtreatment 

U n a t le n ded o r u n mo n i torecf "ga p' ’in man agem en I 



Figure 9-19. The most common major caveats and pitfalls in the 
overall management of acute heart failure. A number of other 
conditions, many readily treatable, can present with symptoms 
and signs very similar to those of acute heart failure. These include 
pulmonary embolization, acute asthma, pneumonia, and septi- 
cemia, among others. A good medical history and physical 
examination, selection of key diagnostic studies, and clinical 
judgment are the best tools available to obviate misdiagnosis. 



As noted in Figure 9-10, an immediate effort must be made to 
exclude or detect the presence of myocardial ischemia or infarction 
as the underlying cause of acute heart failure. Any delay in this 
process allows ischemic myocardium to convert to infarction, and 
thus threatens the short- and long-term clinical course and prog- 
nosis. Overtreatment of acute heart failure, particularly acute 
pulmonary edema, is common in critical care medicine. The 
apparent urgency of the clinical presentation creates a sense that the 
patient has to be treated “fast and hard.” Sublingual and intra- 
venous nitroglycerin, high or repeated doses of diuretics, and 
morphine sulfate usually provide symptomatic relief but occa- 
sionally lead to overdiuresis, hypotension, and impaired peripheral 
perfusion. Good judgment in clinical therapeutics is the best means 
of prevention. It is common for the treated acute heart failure 
patient to pass through an unattended and unmonitored manage- 
ment ”gap.” This usually occurs after the initial management and 
before the patient's continued care is assumed by the inpatient 
medical team. This period represents a vulnerable time in a patient's 
early course, and is often further complicated by unfavorable 
logistic situations, such as an interhospital transfer or the transport 
from the emergency department to the intensive or coronary care 
unit. The consequences of misdiagnosis or overtreatment often 
appear at this particular time. 



Decompensated Chronic Heart Failure 




Figure 9-20. Management of decompensated chronic heart 
failure. The majority of patients with chronic heart failure who 
experience a period of decompensation respond clinically to 
temporary hemodynamic stabilization and optimization of 
chronic heart failure therapy (see Fig. 9-25). An occasional patient 
decompensates because of a superimposed lesion or condition, 
which is often reparable or reversible (cy, new-onset atrial 
fibrillation or flutter, myocardial ischemia, pulmonary 
embolization, or infection). 
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MAJOR PRECIPriATINC FACTORS FOR 
DECOMPENSATION OF CHRONIC HEART FAILURE 



Inadequate therapy or 
fioncompliance 

Drug resistance or tolerance 
Adverse drug ettecls 
Negative inotropic [)foperties 
Salt and water retention 

Drug cancellation of a 
therapeutic effect 

Deterioration of underlying 
cardiac disease 

Excessive salt intake 
Renal dysfunctitjn 
Anemia 



Complicating conditions 

Myocardial ischemia* 
infarction 

U neon t ro I led system ic 
hypertension 

Dysrhythmias 

Development or 
exacerbation of 
valvular dysfunction 

Pulmonary embolization 
Infection 
Excessive stress 
Others 



Figure 9-21. Major precipitating factors for decompensation 
of chronic heart failure. Several reparable lesions, reversible 
conditions, and precipitating factors should be considered 
when a patient with heart failure presents with decompensation. 
Complicating conditions include atrial flutter or fibrillation with 
or without rapid ventricular response, mitral regurgitation, or 
renal dysfunction. Among adverse drug effects, certain calcium 
channel blockers (eg, verapamil) and most antiarrhythmic drugs 
(eg, disopyramide) have negative inotropic properties, and 
nonsteroidal anti-inflammatory drugs can cause salt and water 
retention. While the patient's decompensated heart failure is 
being improved and stabilized, the physician should evaluate 
via medical history, physical examination, and basic laboratory 
testing whether any of these conditions may have led to the 
decompensation and, when appropriate, obtain specifically 
directed laboratory studies (eg, echocardiography-Doppler to 
assess severity of valvular regurgitation). 



CLINICAL FEATURES 




Figure 9-22. Electrocardiograpy in 
assessing decompensated chronic heart 
failure. A 70-year-old man with chronic, 
stable systolic and diastolic heart failure 
presented with increasing dyspnea, fatigue, 
malaise, and weakness. The rhythm strip of 
his electrocardiogram on admission 
showed a rapidly conducting atrial flutter. 
The dysrhythmia was of recent onset. 
Slowing the ventricular rate and 
subsequent conversion to sinus rhythm 
resulted in a return to his usual state of 
well-compensated heart failure. 
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Figure 9-23. Recent coronary arteriography in a 70-year-old retired 
policeman with a 9-year history of left ventricular systolic 
dysfunction (ejection fraction, 30%) and functional class II heart 
failure. Coronary arteriography in 1995 showed trivial plaque 
formation along the left anterior descending coronary artery (LAD). 

These angiograms (A and B) were obtained about 1 month 
after the patient noticed a progressive increase in dyspnea, first 
on exertion and eventually at rest (functional class IV 
congestive heart failure), orthopnea, and paroxysmal nocturnal 



dyspnea; these symptoms could not be adequately controlled 
with aggressive medical management. A, Injection of the left 
coronary artery (right anterior oblique projection) demonstrated 
a high-grade proximal stenosis (white arrozv) of the LAD. He 
never experienced angina or chest pain. B, The LAD lesion 
shown in A was successfully dilated along with stent placement 
(black arrozv). The aforementioned symptoms improved rather 
dramatically over the ensuing 7 to 10 days. The patient 
currently has a heart failure symptom level of FC II-III. 





Figure 9-24. The systolic (A) and diastolic 
(B) frames of a contrast ventriculogram 
performed on a 47-year-old woman with 
long-standing systemic hypertension and 
a 3-year history of chronic heart failure. 
Discontinuation of her antihypertensive 
therapy and dietary indiscretion 
(excessive salt intake during the first week 
of her new job as a waitress) led to severe 
decompensated heart failure. After the 
initial management of decompensated 
heart failure, re-establishment of her anti- 
hypertensive therapy, optimization of her 
chronic heart failure medications, and 
dietary measures the patient returned to a 
state of stable compensation (FCIl). 
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THERAPY 



A. THERAPEUTICS FOR CHRONIC HEART FAILURE 


STANDARD MAINTENANCE THERAPY 


SUPPLEMENTAL AGENTS AN [} DEVICES 


Angiolensin-converting enzyme inhibitors 


Nitrates 


(angiotensin rectplor tilocKers) 
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p-adrenergic blockers 
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Diuretics, spironolactone 
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CRT 
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B. THERAPEUTICS FOR CHRONIC HEART FAILURE 
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Phosphodiesterase inhibitors [i% milrinone) 
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IV nitroglycerin 
Niiroprusside 
Vasopressors 

Do[)amine (moderate to high dose) 

Norepinephrine, phenylephrine 
Vasopressin 
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Cardiovascular support and treatment 
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Figure 9-25. Therapeutics for chronic heart failure. A, In patients 
with chronic congestive heart failure, optimization of standard 
therapy with angiotensin-converting enzyme inhibitors, 
blockers, diuretics, cardiac resynchronization therapy (CRT), and 
the judicious use of supplemental modalities are often effective in 
averting clinical decompensation [6,7,35,36]. 

B, Once decompensation has occurred, parenteral agents are 
frequently necessary to regain clinical stability. The agents most 
commonly used to improve and stabilize severely decom- 
pensated chronic heart failure are shown. Dobutamine, dopamine 
(low to moderate dose), or milrinone are particularly effective in 
acutely improving clinical and hemodynamic status and 
stabilizing the patient during a period of diuresis and read- 
justment of chronic therapy. Vasodilators are used to improve 
hemodynamics and systemic perfusion in chronic heart failure 
patients with adequate to high systemic blood pressure, and 
vasopressors are used in conditions of marked hypotension or 
shock. The clinical application of these agents is similar to that 
discussed previously for the treatment of acute heart failure {see 
Figs. 9-6 to 9-8). IV — intravenous. 



Figure 9-26. Course and treatment for postdecompensated 
chronic heart failure. With appropriate cardiovascular support and 
management, most patients with decompensated chronic heart 
failure revert to a state of clinical compensation. Other than 
cardiac transplantation, the management choices for patients who 
continue to have decompensated (refractory) chronic heart failure 
are generally limited to continuous infusion of a cardiovascular 
support drug {eg, dobutamine, milrinone), or a destination 
ventricular assist device (VAD) [12,37]. ARB — angiotensin receptor 
blocker; CRT — cardiac resynchronization therapy; 

ICD — implantable cardioverter-defibrillator. 
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Figure 9-27. Hemodynamic dose-response (A) and continuous- 
infusion curves (B) for dobutamine in 25 patients with severe chronic 
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congestive heart failure. Data are presented as mean ± SEM with P < 0.05 
versus baseline preinfusion value. {Adapted from Leier et al [15].) 
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C Milrinone concentration, ng/mi 



Figure 9-28. Dose-response of the hemodynamic effects to 
three doses (12.5, 25, and 50 pg/kg) of milrinone administered 
as an intravenous bolus over 15 to 60 seconds in 11 patients 
with moderate to severe congestive heart failure. The effects 




B Milrinone concentration, ng/mi 




D M i I ri non e con cent ra t ion , ng/m L 



on stroke volume (A), systemic vascular resistance (B), left 
ventricular rate of change of pressure (LV+dP/dt) (C), and heart 
rate (D) are shown, bpm — ^beats per minute; NS — ^not significant. 
{Adapted from ]as]d et al [18].) 
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□ Placebo ▲ Nesiritide, 0.03 |ig/kg/mir> 

• Nesiritide, 0.01 5 |ig/kg/mm O Nesiritide, 0*06 (ig/kg/min 



Figure 9-29. Hemodynamic effects of the commercially available 
|3-natriuretic peptide, nesiritide, in patients with severe congestive 
heart failure. Each infusion of nesiritide was initiated with a bolus 
dose: 0.25 pg/kg bolus for the 0.015 pg/kg/min infusion dose, 

0.50 pg/kg bolus for the 0.030 pg/kg/ min infusion, and 1.0 pg/kg 
bolus for the 0.060 pg/kg/ min infusion. The recommended 
infusion rates range from 0.005 to 0.030 pg/kg/min. {Adapted from 
Mills et al [10].) 
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Figure 9-30. Hemodynamic responses to 
intravenously administered nitroglycerin 
(A) and nitroprusside (B) in patients with 
severe chronic congestive heart failure. 
Each drug was administered in five dose 
increments (30 minutes at each level) 
followed by the determined optimal 
maintenance dose, bpm — ^beats per minute; 
PAP — pulmonary artery pressure; PCWP — 
pulmonary capillary wedge pressure; 

TPVR — total pulmonary vascular 
resistance. (Adapted from Leier et al [9].) 
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Diuretics and Digitalis 



10 



D, Bradley S. Dyke and 
Robert J. Cody 

Digitalis plays an important role in the treatment of patients in whom systolic 
dysfunction is a major component. Although its therapeutic benefits were 
demonstrated more than two centuries ago, the efficacy of digitalis in the 
treatment of patients in normal sinus rhythm with heart failure has remained 
controversial. Further, beneficial effects beyond a direct inotropic or hemo- 
dynamic benefit may account for much of the clinical outcome in humans. The 
absence of a significant reduction in mortality in a large prospective trial 
(Digitalis Investigation Group [DIG] trial) is balanced against the clinical 
benefit demonstrated in two independent digoxin withdrawal studies. 

Diuretics are an effective and essential component of therapy for edema 
management in heart failure. In addition to their predictable effects on fluid 
and electrolyte balance, diuretics have a number of metabolic side effects. The 
value of diuretic therapy is enhanced by the thoughtful utilization of these 
agents. Earlier use of combined diuretic regimens, avoidance of excessive loop 
diuretic dosage, and identification of early stages of decompensation permit 
effective reduction of "congestive" symptoms and minimizes the requirement 
for hospitalization. 

The triad of digoxin -diuretic- "vasodilator" therapy for heart failure was 
first established more than 25 years ago. This older, somewhat arbitrary, triad 
was subsequently challenged by the results of angiotensin-converting enzyme 
inhibitor trials. As we begin the 21st century, a more rational algorithm for 
heart failure therapy must continue to evolve, encompassing primary disease 
management, targeted modification of secondary maladaptation, and more 
effective distribution of proven drug therapy. 



CHAPXER 






Diuretics 




Figure 10-1. Loop diuretics in heart failure. The introduction in 
the 1960s of diuretics that act within the loop of Henle, so-called 
"high-ceiling" or "loop" diuretics, dramatically affected the 
ability of clinicians to improve symptoms of congestive heart 
failure with minimum toxicity and predictable efficacy compared 
with other drugs available at that time. These diuretics act on a 
specific transport protein, the Na'^K+/2CT cotransporter, located 



on the apical membrane of renal epithelial cells in the ascending 
limb of Henle's loop. Ions transported into the cell are then 
transferred out of the cell by Na^K^-ATPase (the "sodium 
pump") on the basolateral membranes of these cells. Loop 
diuretics also decrease the absorption of Ca^^ and Mg^^ in this 
portion of the nephron, cations whose absorption is indirectly 
linked to NaCl uptake. Thus, hypocalcemia and hypomagnesia, 
as well as hypokalemia and volume depletion, may result from 
prolonged use of these drugs. 

Loop diuretics also reduce the tonicity of the medullary 
interstitium by preventing the normal uptake of solute in the 
absence of water in the thick ascending limb of Henle's loop. 

This limits the kidney's ability to concentrate the urine and may 
contribute to the development of hyponatremia. The loop diuretics 
are clearly the most useful diuretics as single agents for patients 
with decompensated congestive failure, in large part because of 
the magnitude of the natriuresis that can be achieved over a short 
period, which can reach as high as 20% of the filtered load of 
sodium. Typically, the fraction of NaCl filtered at the glomerulus 
and reabsorbed in the ascending limb of the loop of Henle declines 
from about 20 % to 13 % with a loop diuretic, resulting in a 1% to 
2% increase in the fractional excretion of sodium over 24 hours [1]. 




Figure 10-2. Thiazide diuretics. In general, the thiazide diuretics 
are not useful as single drugs for the therapy of volume retention 
in heart failure patients, largely because their site of action in the 
distal convoluted tubule permits rapid adjustment of water and 
solute absorption in other more proximal nephron segments. 

Interestingly, the target renal tubular protein of the thiazide 
class of diuretics, the electroneutral Na+CL cotransporter, has 
recently been cloned and sequenced. This is the last of the known 
diuretic-responsive renal epithelial cell transport proteins to be 
identified. Many other tissues also express this transport protein, 
which may have important implications for understanding the 
effectiveness of these drugs in the treatment of hypertension as 
well as their less desirable metabolic effects on lipid and glucose 
metabolism. Unlike loop diuretics, thiazides enhance calcium 
reabsorption but not that of magnesium, although magnesium 
wasting is much more pronounced with loop diuretics [1]. 




Figure 10-3. Potassium-sparing diuretics. The potassium-sparing 
diuretics fall into two categories; agents such as amiloride and 
triamterene, which reduce Na+ conductance through an apical 
membrane sodium channel; and aldosterone antagonists, which, by 
inhibiting the actions of aldosterone at its intracellular receptor in 
renal epithelial cells of the distal collecting duct, reduce Na+ uptake 
from the tubular lumen and decrease secretion by several 
mechanisms. Aldosterone antagonists also limit the kidney's ability to 
acidify the urine by inhibiting the action of aldosterone on a renal 
tubular proton pump. Although none of these diuretics is effective as 
a single agent in the treatment of heart failure, they play a useful role 
in diminishing renal wasting. When combined with loop or 
thiazide diuretics, the aldosterone antagonists also prevent Mg^^ 
depletion. Because angiotensin-converting enzyme inhibitors increase 
the serum concentration, an effect that may be magnified by 
p-blockers and nonsteroidal anti-inflammatory drugs, potassium- 
sparing diuretics should be prescribed cautiously for patients who are 
already receiving vasodilators of this class [1]. 



ATLAS OF HEART FAILURE: CARDIAC FUNCTION AND DYSFUNCTION 

182 





Figure 10-4. Importance of dietary salt intake on the renal 
response to loop diuretics. Because most loop diuretics are short- 
acting drugs, it is always more effective to give multiple daily 
doses rather than the same total amount as a single daily dose. 



Avid sodium retention during the remainder of the day after a 
single dose tends to minimize the daily net loss of NaCl {ie, a 
negative sodium balance). Even multiple daily doses of a 
loop diuretic are ineffective unless the NaCl content in the diet is 
reduced concomitantly. The effect of three daily intravenous doses 
of furosemide (40 mg) on daily sodium balance is illustrated in 
patients on chronic diuretic therapy at two different levels of 
dietary sodium intake. In each panel, hourly sodium excretion is 
shown on the vertical axis of these histograms, and the result of 
the three daily doses is illustrated. 

The dashed horizontal lines represent the daily sodium intake on 
each diet averaged over 24 hours. Negative Na"^ balance is 
shown above the dashed line, in upper bars, and positive balance 
{ie, sodium retention) appears below the dashed line. The small 
lower bars between furosemide doses reflect sodium excretion 
during each urinary collection period. Only urinary sodium 
excretion that represents a net negative sodium balance 
{ie, sodium loss greater than intake) is shown. For a daily net 
negative sodium balance to occur, the volume of all the bars must 
exceed the total area below the dashed line for a given diuretic and 
dietary sodium regimen. There was no net loss of sodium in these 
subjects on a high-sodium intake (250 mmol Na"^/d), whereas a 
moderate reduction in sodium intake to 120 mmoL/ d (equivalent 
to a "no added salt" diet) resulted in a moderate negative sodium 
balance in each 24-hour period. A more severe dietary restriction 
{eg, to 20 mmoL/ d) will lead to a marked negative sodium balance 
and weight loss but may be complicated by the development of 
excess volume depletion, hyponatremia and hypokalemia, and a 
hypochloremic metabolic alkalosis, unless the patient is carefully 
monitored. {Adapted from Wilcox et al. [2].) 
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Figure 10-5. Pharmacokinetic and pharmacodynamic determinants 
of loop diuretic response. Loop diuretics are delivered to the site of 
action, the lumen of the tubule, by organic anion transporters located 
in the proximal tubule. The solid line demonstrates several important 
points. There is a clear threshold concentration of the loop diuretic, 
below which there is no effective excretion of sodium or water above 
baseline. There is also a clear plateau concentration above which 
no further excretion of sodium and water occurs. The dashed line 
represents an altered dose-response relationship, as is frequently 
encountered in diuretic resistant states such as heart failure and 
renal disease. The "braking phenomenon" refers to a commonly 
seen physiologic response to diuretic therapy beyond the first dose. 
As the extracellular fluid volume decreases, a complex series of 
neurohormonal and hemodynamic and intrarenal changes occur 
that cause an avid state of postdiuretic sodium retention, which 
offsets the effectiveness of the initial diuresis. {Adapted from Sica 
and Deedwania [3].) 
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Figure 10-6. Loop diuretic-induced 
sodium excretion in healthy subjects versus 
patients with heart failure. Represented in 
A and B are the rightward and downward 
shift of loop diuretic effectiveness observed 
in patients with heart failure versus healthy 
individuals. Factors that are involved in 
this change in effectiveness include altered 
bioavailability (secondary to gut wall 
edema, reduced cardiac output, redirection 
of renal blood flow), nephron loss 
(secondary to concomitant diseases such as 
hypertension and diabetes), competition at 
the organic anion transporters 
(accumulated endogenous organic acids 
observed in patients with renal failure, 
probenecid), distal tubule hypertrophy (a 
compensatory reaction to chronic loop 
diuretic use), and the braking effect {see Fig. 
10-5). {Adapited from Vargo et al. [4].) 
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Figure 10-7. Determinants of loop diuretic response. As defined 
previously, there is a clear dose-response curve associated with 
loop diuretic use. Bioavailability is influenced by route of admin- 
istration — intravenc:)us dosing allows for near complete 
bioavailability to the blood stream. Oral dosing bioavailability can 
vary from 20% to 80% depending on the drug used, the presence 
of gut wall edema, reduced gut blood flow secondary to low 
cardiac output states, and redirection of splanchnic blood flow. 
Even in the presence of optimal bioavailability, the time course of 
absorption can be altered. Tubular capacity for loop diuretic 
excretion is altered by the presence of endogenous organic acids, 
particularly in patients with accumulation of these acids 
secondary to renal failure, and the presence of drugs such as 
probenecid. Note that glomerular filtration itself is inconse- 
quential, because loop diuretics are largely protein-bound and do 
not reach the site of action by filtration. Renal blood flow can be 
decreased secondary to low cardiac output, redirection of blood 
away from the renal vascular bed (which explains why diuretics 
are more effective if given to a supine patient), and renal artery 
stenosis. {Adapted from Sica and Deedwania [3].) 
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Figure 10-8. Pharmacodynamics and pharmacokinetics of 
diuretic drugs. A, Comparison of pharmacodynamic curves for 
bumetanide, furosemide, and torsemide. This graph demonstrates 
the difference in diuretic excretion rate, and hence tubular 
concentration, required for effective diuresis. Clinically, this 
is seen in the relative requirements of each diuretic in order to 
obtain comparable rates of sodium and water excretion. 

B, Pharmacokinetics of diuretic drugs, including oral 
bioavailability and elimination half-life. Of note, torsemide 
and bumetanide have an oral bioavailability that is consistently 
higher than that of furosemide, and with less variability. 

ND — not determined. (Adapted from Rudy et al. [5] and Brater [6].) 





B. PHARMACOKINETICS OF DIURETIC DRUGS 




DIURETIC 

Loop 


ORAL BIOAVAILABILITY. % 


ELIMINATION HALF-LIFE 

NORMAL SUeiECTS. % PATIENTS WITH HEART FAILURE. N 


Furosemide 


10-100 


1 .5-2 




2.7 


Bumetanide 


80-100 


1 




1.3 


Torsemide 


80-100 


3-4 




f> 


Thiazide 


Chlorothiazide 


30-50 


1.5 




ND 


Hydrochlorothiazide 


65-75 


2.5 




ND 


Distal 


Spironolactone 


Conflicting data 


J.5 




ND 


Active metabolites ot spironolactone 




>15 




ND 



LOOP DIURETICS IN HEART FAILURE WITH DIMINISHED INITIAL RESPONSE 


FACTOR 


I llAKi f All L 'KL Will I PRt SLR\ I D R[ NAL LUNCllON 


1 IFART FAILURE WITH RENAL INSUFFICIENCY 






MODERATE SEVERE 


Mechanism of diminished res[X)nse 


Diminished nephron response 


Impaired delivery to site of action 


Therapeutic response 


More frequent administration of effective dose 


Administration of sufficiently high dose to attain 
ef fee l i ve a m 0 u n 1 of d i u ret i c a It he 


Maximal intravenousdose, mg 




site of action 


Furosemide 


40-80 


80-t60 160-200 


Bumetanide 


1-2 


4-8 8-10 


Torsemide 


10-20 


20-50 50-100 



Figure 10-9. Loop diuretics in heart failure with diminished 
initial response to therapy. This table demonstrates the 
mechanisms of diminished response, therapeutic approaches 
and maximal intravenous doses of commercially available loop 
diuretics for patients who have a less than adequate response 
to initial diuretic therapy. In summary, an adequate response 



can usually be obtained by increasing the dose of the loop 
diuretic until an effective diuresis is forced. The frequency of 
this dose is then increased in order to approximate a patient's 
daily fluid intake. This may vary from patient to patient 
depending on their ability to limit dietary sodium and fluid 
intake. (Adapted from Brater [6].) 
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DOSES FOR CONTINUOUS INTRAVENOUS INFUSION OF LOOP DIURETICS 


diuretic: 


INTRAVENOUS LOADING 
DC^SE. MG 


CREATININE CLEARANCE < 26 MUMIN 
tMG/Ht 


INFUSION RATE* 

CREATININE CLEARANCE 
25-7S ML7M1N tMC/H) 


c:reatinine clearance 

> 75 MUMIN 


Furosemicfe 


40 


20 then 40 


10 then 20 


10 


Bumetanide 


1 


1 (hen 2 


0.5 then 1 


0.5 


Tofsemide 


20 


10 then JO 


5 then 10 


5 


• Betorc ( he i nf u s ion rate i s i n c rea ^c-d ( he 1 oad i n ^ dof^e s ho u Id be ad mini stered aga i n 







Figure 10-10. Continuous intravenous infusion of loop 
diuretics. Circumstances occasionally require the use of a 
continuous loop diuretic infusion. Patients who have a 
relatively low response to maximal doses of bolus diuretic can 
have a more consistent output if the drug is maintained at the 
site of action. Continuous infusions allow the clinician to avoid 
the postdiuretic sodium retention that typically occurs between 



bolus doses. Another relative indication for a continuous 
infusion is that it may be easier for nursing staff than frequent 
administration of bolus doses. Of note, when initiating a 
continuous infusion of a loop diuretic, it is beneficial to give an 
initial loading dose in order to decrease the time needed to 
achieve therapeutic drug concentrations at the site of action. 
{Adapted from Brater [6].) 




Figure 10-11. Three segments of the nephron: the proximal tubule, thick ascending 
loop of Henle, and distal tubule. Under normal conditions, sodium is reabsorbed 
along all three segments. This figure represents the condition in congestive heart 
failure in which many patients have a reduction in glomerular filtration rate and, 
therefore, increased proximal tubular sodium reabsorption. A, Early loop diuretic. 



Blockade of sodium reabsorption at 
the thick ascending loop of Henle is 
represented, also demonstrating 
that the loop diuretic has no 
appreciable effect on proximal or 
distal sodium reabsorption. 

B, Long-term loop diuretic. The 
adverse effect of distal tubular 
hypertrophy. Thus, an increased 
load of sodium continues to be 
avidly reabsorbed proximally. The 
loop diuretic blocks reabsorption at 
the thick ascending loop of Henle. 
However, in the presence of distal 
tubular hypertrophy, due to 
uncontrolled sodium intake and the 
effects of enhanced sodium delivery 
during loop diuretic therapy, there 
is additional avid sodium reab- 
sorption in the distal tubule, 
resulting in a reduction of sodium 
excretion compared with earlier 
stages of loop diuretic therapy. 

C, Loop plus thiazide-type diuretic. 
Blockade of sodium reabsorption at 
both the proximal and distal tubule, 
combined with the effect of the loop 
diuretic, reestablishes enhanced 
sodium excretion. {Adapted from 
Cody and Pickworth [7].) 
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Figure 10-12. Algorithm for diuretic use in patients with heart 
failure. The treatment of edematous states in heart failure requires 
a flexible and dynamic approach to management. This frequently 
requires the use of combination therapy. Patients with mild heart 
failure and relatively preserved renal function can usually be 
treated with a thiazide-type diuretic alone. Patients with more 
severe heart failure, the presence of renal insufficiency, or both in 
combination, frequently need multiple daily dosing of a loop 
diuretic in combination with a thiazide-type diuretic in order to 
maintain an adequate diuresis. Of note, metolazone is also 
frequently used in the United States, but the practitioner should 
be cautioned that this agent has a more variable absorption and 
longer half-life than hydrochlorothiazide (HCTZ). Adequate 
attention needs to be given to patients receiving this combination, 
as intravascular volume and electrolyte changes can take several 
day to manifest. 

Because of the recent finding that the use of spironolactone 
decreases mortality in patients with advanced heart failure, 
diuretic regimens should be tailored to include the diuretic effects, 
although somewhat minimal, of this drug. Particular attention 
should be paid to serum electrolytes. BID-twice daily. {Adapted 
from Brater [6].) 



Digoxin 





Figure 10-13. The positive inotropic effect of cardiac glycosides. Not 
until the 1920s was it understood that cardiac glycosides increase the 
force of contraction of cardiac muscle {ie, a positive inotropic effect), 
resulting in a shift upward and to the left of the ventricular function 
curve. The effect in the intact heart is illustrated by the two pressure- 
volume loops shown here, in which an increase in contractility due 
to digoxin results in a shift upward and to the left of the pressure- 
volume relation at the end of systole (A'-B'). When stroke volume 
remains constant, as shown here, or increases, as is often the case 
clinically in patients with heart failure, the end-diastolic pressure 
(EDP) and volume (EDV) also decline (A-B). This results in decreased 
congestive symptoms and increased cardiac output. As predicted 
by the Laplace relationship, the resulting decrease in ventricular 
chamber dimensions also reduces wall tension, a major determinant 
in myocardial oxygen consumption. Therefore, although the initial 
increase in myocardial contractility necessarily results in an increase 
in cardiac muscle cell ATP (and oxygen) consumption, the final net 
effect of the drug may be to lower cardiac oxygen consumption [1]. 
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Figure 10-14. Sodium pump inhibition by cardiac glycosides. 

The present understanding of the mechanism by which the cardiac 
glycosides induce a positive inotropic effect in cardiac muscle is 
based on the specificity of these drugs for Na+K+-ATPase (or 
the "sodium pump"), a cell membrane protein responsible for the 
active {ie, ATP-consuming) transport of the monovalent cations 
Na+ and K^. 

A, Both Na^ and Ca^"^ ions enter cardiac muscle cells during each 
cycle of depolarization, contraction, and repolarization. 

Ca^^ is also released from internal stores in an intracellular 
compartment called the sarcoplasmic reticulum (SR), where it is 
bound to the protein calsequestrin. During cellular repolarization, 
Na^ is actively extruded by Na^K+- ATPase, whereas Ca^^ is either 



pumped back into the SR by a Ca2+-ATPase or is removed from 
the cell by a cell membrane transport protein that exchanges Na^ 
for Ca^^. This Na^ for Ca^^ exchanger transports three Na^ ions in 
for every Ca^^ ion out when the cell is polarized, using the 
favorable chemical and electrical potential of Na^ to drive the 
exchange reaction. B, The direction and magnitude of Na^ and 
Ca^^ transport during diastole (polarized myocyte). 

C, The direction and magnitude of Na^ and Ca^^ transport 
during systole (depolarized myocyte). Note that the exchanger 
may briefly run in reverse during cell depolarization when the 
electrical gradient across the plasma membrane is transiently 
reversed. The capacity of the exchanger to extrude Ca^^ from the 
cell depends critically on the intracellular Na^ concentrations [1]. 
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Figure 10 - 15 . Cardiac glycosides and peripheral vascular 
resistance in heart failure. Cardiac glycosides have been 
known for over 30 years to affect peripheral venous and 
arterial tone. 

A, In a series of pioneering studies. Mason et al. [8] noted 
that a 10-minute intravenous infusion of 8.5 pg/kg ouabain in 
normal subjects increased mean arterial pressure as well as 
forearm vascular resistance and venous tone. 

B, In marked contrast, forearm vascular resistance and 
venous tone decreased in patients with New York Heart 
Association (NYHA) class III or IV heart failure symptoms 
after an intravenous dose of ouabain, as shown by the data 
from a representative patient. Whereas the response in normal 
subjects is due in part to a direct effect of cardiac glycosides on 




B Time, min 



peripheral vascular tone, the opposite and rapid hemodynamic 
response to ouabain observed in heart failure patients is now 
believed to be due in part to a decrease in sympathetic nervous 
system activity mediated by enhanced sensitivity of the 
baroreflex response. (Adapted from Mason et al. [8].) 
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Figure 10-16. Sympathetic nervous system 
activity in heart failure: response to 
digitalis versus dobutamine. A, Ferguson 
et al. [9] noted that although infusion of the 
cardiac glycoside deslanoside was 
associated with increased forearm blood 
flow and cardiac index was increased, 
muscle sympathetic nerve activity (MSNA) 
was markedly decreased in patients with 
New York Fieart Association class III and 
IV heart failure {n=8; mean ± SEM). 

B, To determine whether these changes 
could be ascribed to an increase in cardiac 
output per se, Ferguson et al. also 
examined the response of a similar group 
of heart failure patients to dobutamine, 
titrated to achieve the same increase in 
pulmonary artery O 2 saturation as was 
achieved by infusion of deslanoside. 
Although cardiac index increased and 
pulmonary artery pressure declined 
significantly, as expected, there were no 
significant changes in heart rate, forearm 
blood flow, or MSNA in these patients 
(n=8). Asterisks indicate P<0.05. 
bpm — beats per minute; hb — heartbeat. 
{Adapted from Ferguson et al. [9].) 




Figure 10-17. Improved carotid baroreflex responsiveness after 
cardiac glycosides. A, Direct infusions of ouabain into the arterial 
supply of isolated carotid sinus preparations (CSP) from a dog 
model of heart failure with a documented desensitization of the 
baroreflex response restored the responsiveness of the isolated 




baroreceptor to increases in CSP toward normal. B, No change was 
observed after ouabain in isolated CSPs from normal dogs. These 
and other experimental data reinforce data from patients that 
cardiac glycosides act directly to reset arterial baroreflex sensitivity 
in heart failure. {Adapted from Wang et al. [10].) 
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Figure 10-18. Digoxin in hospitalized heart failure patients. 
Gheorghiade et al. [11] carried out a small, prospective trial of 




A Captopril Digoxm Placebo 



Figure 10-19. Captopril-Digoxin Multicenter Research Group 
trial. A, In the Captopril-Digoxin Multicenter Research Group 
trials [12], 300 patients with generally mild to moderate (New 
York Heart Association classes II and III) heart failure symptoms 
were randomly assigned to receive captopril, digoxin, or 
placebo, with diuretics administered as necessary. Both captopril 
and digoxin significantly reduced morbidity, as judged by the 
need for increasing doses of diuretics, emergency room visits, or 
hospitalization, compared with placebo. This figure illustrates 
the change in left ventricular ejection fraction from baseline for 
patients assigned to captopril, digoxin, or placebo. Only patients 
who received digoxin exhibited a significant increase in ejection 
fraction (P<0.05) during the trial. 

An important caveat in interpreting the results of this trial is 
that during the pretrial patient evaluation period, any patient 
who did not tolerate withdrawal from standard (ie, digoxin) 



intravenous digoxin administration to hospitalized patients 
who had severe (New York Heart Association class IV) symptoms 
and who had been medically stabilized with diuretics and 
vasodilators. Approximately half of the patients (six of 11) 
experienced a significant hemodynamic improvement after 
receiving 1.0 mg of intravenous digoxin, as judged by a decrease in 
pulmonary capillary wedge pressure (PCWP) of 5 mm Hg and/ or 
an increase in cardiac index of 0.5 L/ min/ m^. There were important 
baseline hemodynamic differences between digoxin responders and 
nonresponders, as shown in this figure, although reportedly there 
were no other significant differences in the etiology of the heart 
failure in each patient's heart failure score or in left ventricular 
ejection fraction. Although all patients had class IV symptoms on 
admission to hospital, those with markedly abnormal hemo- 
dynamics after initiation of optimal medical management with 
diuretics and vasodilators were more likely to exhibit a favorable 
hemodynamic response. {Adapted from Gheorghiade et al [11].) 




therapy was not randomly assigned or entered into the study, 
thereby excluding a number of patients who, by definition, 
would probably have been digoxin responders. B, All patients in 
this study were receiving background diuretic therapy. Captopril 
was associated with a significant increase in exercise 
performance compared with placebo. The digoxin treatment 
group showed a small trend toward improvement of exercise 
tolerance. The digoxin group demonstrated a small but 
significant increase of ejection fraction. The asterisk indicates a 
significantly greater increase of exercise duration from baseline 
compared with the placebo response (P<0.05). There were 
greater requirements for diuretic supplementation, more 
frequent emergency room visits, and a greater need for hospi- 
talization in the placebo group, who were receiving only diuretic 
therapy. (Adapted from the Captopril-Digoxin Multicenter 
Research Group [12].) 
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Figure 10 - 20 . Digoxin in heart failure: the Prospective 
Randomized Study of Ventricular Failure and the Efficacy of 
Digoxin (PROVED) trial. To evaluate prospectively whether 
patients with well-compensated heart failure symptoms in sinus 
rhythm who were already receiving digoxin, with or without a 
diuretic, would tolerate withdrawal from the cardiac glycoside, 88 
patients with mild to moderate heart failure (New York Heart 
Association [NYHA] class II predominantly), who were not 
receiving a vasodilator, were randomly assigned either to 
continue on active drug or to receive a placebo in the PROVED 
trial [13]. A, Treatment failure, defined as number of patients and 
percentage of treatment group demonstrating a statistically 
greater occurrence of failure in patients withdrawn from digoxin 
treatment. B, The time to treatment failure, or a hospital 
evaluation or admission for heart failure symptoms, was 



significantly higher in the placebo group compared with the 
digoxin- treated group. C, Digoxin in heart failure: the 
Randomized Assessment [of the effect of] Digoxin and Inhibitors 
of the Angiotensin Converting Enzyme [ACE] trial (RADIANCE). 
The RADIANCE trial design was essentially identical to that 
shown in A for the PROVED trial, except that patients were 
receiving either captopril or enalapril, in addition to digoxin and 
diuretics, before randomization [14]. Study investigators were 
asked to achieve optimal fluid balance on diuretics during the 
stabilization period, and a captopril or enalapril dose of at least 25 
mg or 5 mg/ d, respectively (average dose, 73 and 13 mg/d in the 
placebo group, 77 and 17 mg/ d in the digoxin group). As in 
PROVED, the target serum digoxin concentration was between 0.9 
and 2.0 ng/ mL, and the average serum concentration of digoxin 
was about 1.2 ng/ mL on an average dose of 0.38 mg/ d. Of the 178 
patients randomized, all were in NYHA class II or III. No patients 
with severe heart failure (NYHA class IV) were studied, largely 
because digoxin's efficacy was already considered established for 
this group of patients. Nevertheless, the proportion of patients in 
class III heart failure was somewhat higher (about 35% of the 
total) than in PROVED (about 19%). 

There were highly significant differences in both primary and 
secondary endpoints between patients receiving optimal 
angiotensin-converting enzyme inhibitor and diuretic therapy 
who were randomized to continue receiving digoxin, compared 
with those who were switched to placebo. There was a significant 
increase in the cumulative probability of worsening heart failure 
(defined as in PROVED) in this Kaplan-Meier analysis over the 
duration of the study. This amounts to a 20% absolute risk 
reduction for patients who continued to receive digoxin. (A and B 
adapted from Uretsky ct ai [13]; C adapted from Packer et aL [14].) 
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Figure 10-21. The Digitalis Investigation 
Group (DIG) trial [15] evaluated the effects 
of digoxin on survival in 6800 patients. 

The average follow-up was 37 months. 
Digoxin did not increase or decrease 
overall mortality (A). However, digoxin- 
treated patients had a reduction in the 
overall rate of hospitalization and also the 
rate of hospitalization for worsening heart 
failure (B). There was no increased risk of 
ventricular arrhythmias in the digoxin- 
treated group. Further analysis of specific 
outcomes in the DIG trial have recently 
been performed. Within a subset of the 
DIG trial cohort (n = 589), serial 
measurment of quality of life (QOL) 
indicators were collected. The ques- 
tionnaire used to assess QOL was derived 
from several well-tested and well- 
validated QOL tools, including the 
Medical Outcomes Study Short Form 
36 (MOS SF-36), the Minnesota Living 
with Heart Failure Questionnaire, and 
the Center for Epidemiologic Studies- 
depression Scale. Functional status was 
measured by 6-minute walk test 
performance. The only difference seen 
between groups for QOL or fuctional 
status was a small improvement in 
perceived health measures derived from 
the MOS SF-36. This difference was 
apparent at the 4-month mark, but not at 
the 1-year mark. These findings must be 
interpreted with caution [16]. 

The question as to whether or not 
serum digoxin concentration is important 
for outcomes in patients with heart failure 
has recently been addressed. In a post-hoc 
analysis of the DIG trial cohort, superior 
survival was observed in patients with 
serum digoxin concentrations in the range 
of 0.5 to 0.8 ng/ mL compared with 
placebo. Concentrations of greater than 
1.2 ng/ mL were associated with decreased 
survival compared with placebo. These 
findings persisted after multivariable 
adjustment for clinical variables associated 
with severity of illness [17]. {Adapted from 
the Digitalis Investigation Group [15].) 
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Inhibition of the 
Renin- Angiotensin- 
Aldosterone SYSTEM 

Todd M. Koelling^ D. Bradley S. Dyke, 
and Robert /. Cody 

Activation of the renin-angiotensin-aldosterone system is one of the predominant 
abnormalities of heart failure. The degree of increase in plasma renin activity 
provides an indicator for prognosis in heart failure patients [1]. Patients with mild 
and asymptomatic heart failure demonstrate relatively less activation, but even 
these values are increased compared with normal. The degree of renin activity is 
intensified in tlu' presence of diuretic therapy. Angiotensin II causes constriction 
of the systemic v^asculature and causes vastKonstriction of both the afferent and 
efferent renal arterioles. In some patients with severe heart failure, treatment with 
angiotensin-converting enzyme (ACE) inhibitors may cause a deterioration of 
renal function. This may be related to fixed renal artery disease or, alternatively, 
from selective blcKking of the constrictor action of angiotensin 11 on the efferent 
arteriole [2]. Renin system components have been identified in the mytxardium 
and vasculature, where they adversely affect fibrosis and remodeling, as well as 
cellular dysfunction. These findings suggest that the renin-angiotensin- 
aldosterone system has effects on cardiac function beyond altering sodium 
excretion and cardiac afterload. Not only is angiotensin II a potent vasoconstrictor, 
but it causes a direct effect on hypertrophy of myocytes, and may lead to energy 
supply mismatch as the capillary bed perfuses a larger bed [3]. 

In addition to vasoconstriction, angiotensin II stimulates aldosterone 
secretion by the adrenal gland, producing sodium retention and potassium 
excretion at the distal nephron. Elevations in the activity of aldosterone leads to 
a sodium retentive state found in heart failure patients. It has been shown 
previously that although ACE inhibition continues to suppress angiotensin II 
levels over the course of 1 year, levels of aldosterone are initially suppressed 
during the first 1 to 3 months of therapy, but fail to be suppressed beyond 
6 months of therapy [4,5], This is thought to occur because stimuli in the form 
of glucocorticoids, hyperkalemia, hypermagnesemia, melanocyte-stimulating 
hormone, and endothelin continue to increase aldosterone secretion when 
angiotensin II levels are low 16]. Analysis of the Cooperative North 
Scandinavian Enalapri! Survival Study (CONSENSUS) revealed that elevated 
levels of aldosterone were associated with the lowest survival, and a reduction 
in plasma aldosterone during the course of therapy was associated with a 
favorable impact on survival [7]. Although elevated aldosterone levels may 
track the clinical state of patients with congestive heart failure, they may also 
be responsible in part for progression of myocardial dysfunction through 
mechanisms that lead to abnormal accumulation of collagen, surrounding and 
encasing myocytes, resulting in diastolic and systolic ventricular dysfunction 
[8]. Such deposition of collagen may lead to pathologic hypertrophy of the 
myocardium 19,10] and has been shown to be prevented by spironolactone in a 
rat model of arterial hypertension [11 ]. 

Angiotensin-converting enzyme inhibitors, in contrast to direct-acting 
vasodilators, have been highly successful in all stages of congestive heart failure. 
Although ACE inhibitors have vasodilator properties, their mechanism of action 
extends to other effects of suppressing angiotensin II, and modulation of 






additional vasoactive substances. ACE serves to catalyze 
the conversion of angiotensin I to angiotensin II, a potent 
vasoconstrictor and stimulant for aldosterone release. The 
ACE also acts as a kininase, and inhibition of this enzyme 
leads to decreased breakdown of bradykinin [12] in the 
kininase activity that may explain the advantage of ACE 
inhibitors over angiotensin receptor blockers [13]. 

Although ACE inhibitors have been shown to improve 
heart failure symptoms and reduce mortality in multiple 
studies, additional therapies are being sought for patients 



intolerant to ACE inhibitors and for patients with residual 
production of angiotensin II despite maximally 
recommended doses of ACE inhibitors. Because 
angiotensin II antagonists directly block angiotensin II at 
the ATI receptor without blocking the breakdown of 
bradykinin, many investigators believe that these agents 
would be better tolerated by patients and would provide 
similar efficacy. The clinical ramifications of blocking 
ATI receptors, allowing unopposed stimulation of AT2 
receptors, have not been fully elucidated. 



Angiotensin-converting Enzyme Inhibitors 



N eu ro h u m o rd I d n cl pa ra c r i n e ettect s 
Diminished circulating and tissue effects of angiotensin II 
Diminished aldosterone 
Prevention of sodium retention 
Reduction of circulating catecholamines 
Improved baroreceptor function 
Restoration of sympathetic-parasympathetic balance 
Diminished bradykinin breakdown 
Left ventricular structural and functional effects 
Decreased transmural wall stress 
Reduction of compensatory ventricular dilatation 
Improved coronary flow 
t iemodynamic effects 
Reduction of vascular resistance 
Absence of chronotropic stimulation 
Reduction of inotropic stimulation 
Other effects 

Blockade of cell growth effects of angiotensin II 
Potential direct cellular effects of ACE (carboxy peptidase) 
Inhibition or reversal of adverse collagen remodeling 



Figure 11-1. Potential mechanisms for 
angiotensin-converting enzyme (ACE) 
inhibitor benefit. ACE inhibitors have 
demonstrated clinical benefit in all stages of 
heart failure. It is now apparent from many 
studies that the short- and long-term 
benefits of ACE inhibitors go beyond their 
vasodilating properties. The primary 
mechanism of action of this class of agents is 
blockade of angiotensin 11 formation, which 
inhibits endocrine, paracrine, and cellular 
growth effects of angiotensin 11. Among 
beneficial outcomes are reversal of vaso- 
constriction and suppression of aldosterone 
synthesis, which thereby limits aldosterone 
mediated sodium retention and potassium 
loss. Cellular effects include inhibition of 
angiotensin Il-mediated hypertrophy, and it 
has been proposed that reversal of collagen 
matrix deposition, mediated by angiotensin 
II or aldosterone, is of clinical relevance. 

Additional contributing effects that are 
difficult to quantify include inhibition of 
bradykinin degradation and promotion 
of prostaglandin synthesis. The former may 
be important at a cellular level by 
enhancing the vasorelaxant effects of 
endothelium-derived relaxing factor, 
and the latter may be important in terms 
of improving regional blood flow, 
particularly within the kidney. Einally, 
a pure hemodynamic effect regardless 
of the mechanisms that produce it could 
contribute to the beneficial effects of 
ACE inhibitors. However, on the basis of 
findings with other pure vasodilators, it is 
unlikely to be the only mechanism [14]. 
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Figure 11-2. Cascade of events in the production of angiotensin II 
presented by the syndrome of congestive heart failure. Reduced 
cardiac output, reduced arterial pressure, and reduced renal 
blood flow contribute to the release of renin within the kidney 
Elevations and levels of circulating renin lead to conversion of 
angiotensinogen to angiotensin I. Angiotensin-converting enzyme 
then catalyzes the conversion of angiotensin I to angiotensin II. 
Angiotensin II exerts its effects through the binding of the 
angiotensin II receptors ATI and AT2. Binding of these receptors 
has been shown to lead to vasoconstriction and release of 
aldosterone [15]. 
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Figure 11-3. Findings from the Captopril MultiCenter Research 
Group. This group conducted the first placebo-controlled exercise 
study in heart failure patients, evaluating the response to captopril 
versus placebo. This figure demonstrates the importance of 
frequent baseline exercise tests and the need for longer term 
follow-up evaluation in clinical drug trials. An increase in exercise 
performance in the placebo group was evident in the first 4 weeks 
of the study, and paralleled the improvement in the captopril 
group. However, the exercise response in the placebo group 
showed a plateau after 4 weeks of therapy and by 12 weeks had 
fallen back near to baseline levels. The captopril- treated group 
continued to demonstrate a progressive increase in exercise time. 
This study demonstrated the clinical efficacy of captopril in 
improving functional performance [16]. 




Figure 11-4. Changes in peak oxygen consumption measured 
during cardiopulmonary exercise testing with enalapril versus 
changes with hydralazine-isosorbide dinitrate in the Vasodilator- 
Heart Failure Trial II (V-HeFT II) study. Systemic oxygen 
consumption at peak exercise was measured after randomization, 
at 3 months, at 6 months, and subsequently at 6-month intervals. 
Oxygen consumption was increased significantly by hydralazine- 
isosorbide dinitrate at the 3-month time point and at subsequent 
time points after the 6-month time period. Peak oxygen 
consumption did not change significantly in those patients treated 
with enalapril. Improvements in exercise with hydralazine- 
isosorbide dinitrate combinations may be expected, given 
increases in heart rate and sympathetic tone observed with 
this combination [17]. 
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EFFECT OF ANGIOTENSIN-CONVERTING ENZYME INHIBITORS ON MORTALITY IN HEART FAILURE 
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Figure 11 - 5 . Effective angiotensin-converting enzyme inhibitors 
(ACE-Is) on mortality in heart failure. Placebo-controlled studies of the 
use of ACE-Is in heart failure patients have assessed mortality 
endpoints in mild, moderate, and severe heart failure. Trials performed 
in patients largely asymptomatic, such as Studies of Left Ventricular 
Dysfunction-Treatment (SOLVD-T), the Munich trial, and the 
Captopril-Digoxin Trial, have not demonstrated an improvement in 
survival in these patients. The SOLVD-T trial, performed largely in 
patients with New York Heart Association (NMIA) class II and III 
symptoms, showed a 16% reduction in all-cause mortality using 
enalapril. A 27% reduction in all-cause mortality was observed in the 



CONSENSUS trial. This study was performed in patients with severe 
heart failure. ACE-Is have also been shown to improve survival when 
compared with the combination of hydralazine and dinitrate (Hyd/N) 
preparations. The V-HeFT II study showed a 28% reduction in all- 
cause mortality using enalapril versus hydralazine isosorbide dinitrate 
in patients with NYHA class II cind III symptoms. A 61% reduction in 
mortality was observed in the Hydralazine plus Isosorbide Dinitrate 
versus Captopril (HY-C) trial, a study of 104 patients with moderate to 
severe heart failure symptoms [17-22]. CMRG — Captopril 
MultiCenter Research Group; NS — not significant; SOLVD-P — 
Studies of Left Ventricular Dysfunction-Prevention. 
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EFFECT OF ACE INHIBITORS ON MORBIDITY IN HEART FAILURE 
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Figure 11 - 6 . The effect of angiotensin-converting enzyme 
inhibitors (ACE-Is) on heart failure (HF) endpoints in patients 
with left ventricular dysfunction. Randomized controlled trials 
have been consistent in their observation that ACE-Is reduce HF 
hospitalization or the development of severe congestive HF 
symptoms. ACE-Is have been shown to reduce the risk of HF 
hospitalizations or development of severe HF by 32.6% to 59.0% in 
patients with mild HF in the SOLVD-P trial, the Munich trial, and 



the Captopril-digoxin trial. A similar reduction in HF hospi- 
talization, in symptomatic improvement of HF symptoms, 
has been shown in trials of patients with moderate HF symptoms. 
These include the CMRG study as well as the SOLVD-T trial. The 
CONSENSUS study observed a 31% reduction in the percentage 
of patients who remained with the New York Heart Association 
(NYHA) class IV symptoms at the conclusion of follow-up 
[16,18-21,23]. NS — not significant. 
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EFFECT OF ACE INHIBITORS ON MORTALITY AFTER MYOCARDIAL INFARCTION 
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Figure 11-7. The effect of angiotensin-converting enzyme 
inhibitors (ACE-Is) on mortality in patients suffering myocardial 
infarction. Although the pathophysiology of infarct healing is 
complex, there are several potential mechanisms by which ACE- 
Is may favorably improve left ventricular (LV) remodeling. 
Angiotensin II, is a potent vasoconstrictor, is upregulated in the 
postinfarction period. This will lead to increased wall stress 
leading to regional hypertrophy and infarct expansion. 
Inhibiting the effects of angiotensin II in the postinfarction 
period may prevent the development of progressive heart 
failure. Placebo-controlled studies have been performed in 
patients suffering myocardial infarction with LV dysfunction 
with or without symptoms of heart failure. In studies that 
included patients without LV dysfunction or heart failure 
symptoms, a mortality benefit was not observed in the 
CONSENSUS II trial. No benefit on mortality was seen in the 



Survival of Myocardial Infarction Long-term Evaluation (SMILE) 
study, which followed-up 1556 patients using oral zofenopril. 
Much larger studies of patients in the postinfarction period were 
performed in Italy, including the fourth International Study of 
Infarct Survival (ISIS-4) study and the Gruppo Italiano per lo 
Studio della Soprawivenza nellTnfarcto (GISSI)-3 study. These 
studies showed a reduction in the risk of mortality of 7% and 
12%, respectively. The effect of ACE-Is on mortality after 
myocardial infarction has been more consistent in patents with 
documented LV dysfunction. The Survival and Ventricular 
Enlargement (SAVE) study showed a 19% reduction in all-cause 
mortality using captopril. The Trandolapril Cardiac Evaluation 
(TRACE) and Acute Infarction Ramipril Efficacy (AIRE) studies 
showed a 22% and 27% reduction in the risk of mortality after 
myocardial infarction, respectively [24-29]. CATS — Captopril 
and Thrombolysis Study; FU — follow-up. 
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1 EFFECT OF ACE INHIBITORS ON MORBIDITY AFTER MYOCARDIAL INFARCTION (PLACEBO-CONTROLLED STUDIES) 
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Figure 11-8. The effect of angiotensin-converting enzyme inhibitors 
(ACE-Is) on heart failure (HF) endpoints in patients suffering 
myocardial infarction. Despite enrolling patients without HF 
symptoms and without documentation of left ventricular (LV) 
dysfunction, both the SMILF and CATS trials have shown a 
significant reduction in the incidence or worsening HF in the postin- 
farction period. Studies of patients with documented LV dysfunction 



have been more consistent in showing reduction in HF endpoints in 
the postinfarction populations. The SAVF study showed a 22% 
reduction in HF hospitalizations in a study of captopril with a 42- 
month median follow-up. The reduction in the incidence of 
worsened HF was similar in the TRACE Study (29% reduction) and 
the AIRE trial (19% reduction) [24,26,30-32]. 




Figure 11-9. The effect of ramipril on composite outcome of 
myocardial infarction stroke or death in high-risk patients. In 
addition to those studies using angiotensin-converting enzyme 
(ACE) inhibitors in patients who have suffered myocardial 
infarctions, the Heart Outcomes Prevention Evaluation (HOPE) 
study assessed the role of ramipril in patients who were at high 
risk of cardiovascular events but who did not have left ventricular 
dysfunction or heart failure. This study showed a 22% reduction in 
the risk of reaching the primary endpoint (death, myocardial 
infarction, or stroke) compared with placebo. In this study, death 
from any cause was reduced from 12.2% in the placebo group 
to 10.4% in the ramipril group for an overall 16% reduction 
(P = 0.005). Patients enrolled into this study were at least 55 years 
of age and had a history of either coronary artery disease, stroke, 
peripheral vascular disease, or diabetes, and had at least one other 
risk factor among hypertension, elevated total cholesterol level, 
low high-density lipoprotein cholesterol level, cigarette smoking, 
or documented albuminuria [32]. 
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EFFECT OF RAMIPRIL ON CARDIOVASCULAR EVENTS IN HIGH-RISK PATIENTS 
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Figure 11-10. Effect of ramipril on cardiovascular events in high-risk patients. In the 
HOPE trial, significantly fewer patients in the ramipril group than the placebo group 
underwent revascularization, and there was a trend toward fewer hospitalizations for 
heart failure in the ramipril group. Additionally, ramipril was shown to have a significant 
effect on the reduction in the development of heart failure, cardiac arrest, worsening 
angina, and new diagnoses of diabetes mellitus. The findings from the HOPE trial suggest 



that the spectrum of patients who had 
benefited from treatment with an 
angiotensin-converting enzyme inhibitor 
should not be restricted to those patients 
with left ventricular systolic dysfunction or 
with heart failure symptoms. It has been 
suggested that only a small part of the 
benefit of ramipril in this study could be 
attributed to a reduction in blood pressure 
because the majority of the patients did not 
have hypertension at baseline and the 
mean reduction in blood pressure with 
treatment was extremely small (3/2 mm 
Hg). It is likely that angiotensin-converting 
enzyme inhibitors exert additional 
direct mechanisms on the heart or the 
vasculature. These may include 
antagonizing the direct effect of 
angiotensin II on vasoconstriction, the 
proliferation of vascular smooth muscle 
cells, the rupture of plaques, vascular 
endothelial function, myocyte hypertrophy, 
and intrinsic fibrinolysis [33]. 
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Figure 11-11. The effect of low- and high-dose angiotensin- 
converting enzyme (ACE) inhibitors in heart failure patients. Because 
of observations showing residual angiotensin II production in 
patients receiving recommended doses of ACE inhibitors, trials have 
been performed to compare low-dose with high-dose inhibitor 
strategies as well as medium-dose with high-dose ACE inhibitor 
strategies. In the Assessment of Treatment with Lisinopril and 
Survival (ATLAS) trial, low-dose lisinopril (2.5 to 5 mg/d) was 
compared with high-dose lisinopril (32.5 to 35 mg/ d). This study 
showed a nonsignificant trend toward reduction in all-cause 
mortality, the primary endpoint of the trial. An 8% reduction in 



all-cause mortality was observed, however (P = 0.128). The 
secondary endpoint included all-cause mortality and hospital- 
izations. Using this endpoint, a 12% reduction in this composite 
endpoint was observed (P = 0.002). The relevance of this finding has 
been disputed due to the inclusion of the low-dose group rather than 
the control group being a dose that has been previously shown to be 
effective. The high-dose enalapril study compared clinical outcomes 
in medium-dose enalapril (20 mg/ d) versus high-dose enalapril (60 
mg/d). This study was relatively small, enrolling 248 patients. This 
study failed to show any difference in clinical outcomes using these 
two dosing strategies [34,35]. HR — heart rate. 
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Figure 11-12. Interaction between aspirin and angiotensin- 
converting enzyme (ACE) inhibitors in the SOLVD studies. 

A, Hazard ratios of mortality and morbidity in antiplatelet users 
versus antiplatelet nonusers grouped by drug randomization. 

B, Hazard ratios of mortality and morbidity in patients randomly 
assigned to enalapril versus placebo grouped by antiplatelet use. 
Because coronary artery disease is the leading cause of heart 
failure, it is common for patients to be receiving both aspirin and 
ACE inhibitors. Although aspirin therapy may prevent further 
ischemic incidents in patients with ischemic cardiomyopathy, 

its effects on prostaglandins may adversely effect hemodynamic 
function. Aspirin antagonizes the beneficial effects of antihy- 
pertensive therapy, and may reduce systemic vasodilatory reserve. 
Aspirin has also been observed to decrease glomerular filtration 
rate and has been shown to blunt the effects of diuretic drugs by 
reducing sodium and water excretion. Investigators reviewed data 
on antiplatelet agent use in 6797 patients enrolled into the studies 
of left ventricular dysfunction (SOLVD) trial and analyzed their 
relation between their use and all-cause mortality as well as the 
combined endpoint of death or hospital admission for heart 
failure. A Cox model was used to adjust for differences in baseline 
characteristics and to test for interaction for antiplatelet agent use 



and selected patient variables in relation to outcome. Hazard 
ratios of mortality in antiplatelet users versus antiplatelet nonusers 
when the study patients are grouped by drug randomization 
shows that the benefit of antiplatelet use with respect to mortality 
is primarily in patients randomly assigned to the placebo arm. 
Antiplatelet agent use was not associated with an improvement in 
survival in patients randomly assigned to enalapril. The analysis 
for interaction between these two medications was highly signifi- 
cant (P = 0.0005). When the combined endpoint of death or heart 
failure hospitalization was analyzed, antiplatelet use was assoc- 
iated with an improved survival in the enalapril but not as 
favorable as those patients randomly assigned to placebo. When 
the hazard ratios of mortality and morbidity in patients randomly 
assigned to enalapril versus placebo with respect to antiplatelet 
use, the mortality benefit with enalapril was observed only in 
those patients not receiving an antiplatelet agent. The combined 
endpoint of death and heart failure hospitalization was reduced 
with the use of enalapril in both antiplatelet users and nonusers. 
These data suggest that the beneficial effects of enalapril are 
attenuated by the use of antiplatelet agents but are not entirely 
eradicated [36]. APA-antiplatelet agent; HE — heart failure; 

HR — ^heart rate. 
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Figure 11-13. Interaction between aspirin, ticlopidine, and 
angiotensin-converting enzyme (ACE) inhibitors. ACE 
inhibitors are effective drugs that have been shown to lower 
morbidity and mortality rates in heart failure. Coronary artery 



disease is the most common cause of heart failure. Aspirin can 
improve both short- and long-term prognosis for patients with 
coronary artery disease. The combination of aspirin and ACE 
inhibitors is therefore common in clinical practice; however, 
aspirin has been found to attenuate the acute vasodilator effect 
of ACE inhibitors. The mechanism for aspirin-ACE inhibitor 
interaction involves prostaglandin synthesis: ACE inhibitors 
impede the degradation of bradykinin, which stimulates the 
synthesis of prostaglandins; aspirin inhibits cyclooxygenase, 
reducing the production of vasodilating prostaglandins. 

To verify this hypothesis, investigators compared the hemo- 
dynamic effects of enalapril in 20 patients with severe heart 
failure. Twelve of these patients were treated with ticlopidine 
and eight patients were treated with aspirin. Hemodynamic 
evaluation was performed after 7 days of antiplatelet agent 
treatment. Significant reductions and systemic vascular 
resistance were observed in the ticlopidine group, in contrast 
to no significant decrease in the aspirin group. A significant 
(P = 0.03) time by treatment interacticm indicated significant 
enalapril-aspirin drug interactions. Ticlopidine inhibits ADP- 
mediated platelet adhesion, and has not been found to have 
interactions with ACE inhibitor therapy [37]. 




Figure 11-14. Effect of angiotensin-converting enzyme (ACE) 
inhibitors on both black and white patients. Although large-scale 
trials of therapy for heart failure have shown improvement in 
outcome with ACE inhibitors, these benefits have not been 
demonstrated in black patients. Black patients with heart failure 



have a poorer prognosis than white patients, a difference that has 
not been adequately explained. To assess this question, investi- 
gators pooled and analyzed data from the SOLVD Prevention and 
Treatment trials comparing enalapril with placebo in patients with 
left ventricular dysfunction. In this analysis, 1196 white patients 
were matched with 800 black patients. Approximately half of each 
population was derived from the treatment trial and half from the 
prevention trial. Black patients were noted to have higher rates of 
death from any cause ( 12 . 2 % vs 9.7%), as well as higher rates of 
hospitalization for heart failure (13.2To vs 7.7%). Enalapril therapy, 
as compared with placebo, was associated with a 44% reduction in 
the risk of hospitalization for heart failure among white patients (P 
< 0.001) but no significant reduction was observed among black 
patients (P = 0.74). The mechanism for this difference in response to 
ACE inhibitor is not well understood; however, it was observed in 
this study as well as the V-HeFT II trial that reductions in blood 
pressure did not occur in black patients. This provides evidence 
that some of the difference in benefit may be due to a difference in 
response to the ACE inhibitor therapy. Black patients with 
hypertension had been previously noted to have lower plasma 
renin activity than white patients. Even so, renin activity has not 
been found to be a useful marker for the long-term effects of ACE 
inhibitor therapy in heart failure trials. Clinical trials in black 
patients that are designed prospectively to evaluate therapeutic 
responses are warranted [38]. 
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Figure 11-15. Effect of spironolactone on survival in patients with severe heart failure. 
Patients with severe heart failure have been shown to have elevated levels of 
aldosterone compared with that of normal subjects. Treatment with angiotensin- 
converting enzyme (ACE) inhibitors reduces aldosterone release by limiting the 
production of angiotensin II. Due to non-ACE-dependent production of angiotensin II 
(serine protease pathways), aldosterone levels have been shown to rise over time in 
patients treated with recommended doses of ACE inhibitor. Aldosterone has direct 



effects on the kidney, leading to sodium 
retention and reduction in serum 
potassium concentration. Additionally, 
animal models of heart failure have 
shown that aldosterone may be 
responsible for myocardial fibrosis and 
myocyte hypertrophy seen with chronic 
heart failure. The Randomized Aldactone 
Evaluation Study (RALES) was performed 
in 1663 patients with ejection fraction of 
35% or lower and New York Heart 
Association (NYHA) IV symptoms, 
or those with NYHA III symptoms who 
had experienced NYHA IV symptoms 
within the past 6 months. Patients were 
randomly assigned to receive 25 to 50 mg 
of spironolactone daily versus placebo, 
delivered in a double-blind fashion. The 
survival plot demonstrates the effect of 
spironolactone on all-cause mortality, 
with a reduction of 30% compared with 
placebo. This reduction in the risk of 
death among patients in the 
spironolactone group was attributed to a 
lower risk of both death from progressive 
heart failure and sudden death from 
cardiac causes. The frequency of hospi- 
talization for worsening heart failure was 
35% lower in the spironolactone group 
than in the placebo group. Patients 
receiving spironolactone treatment should 
have close monitoring of the serum 
potassium level, particularly in the first 
month of therapy [39]. 
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Figure 11 - 16 . Effects of eplerenone on morbidity and mortality in 
patients who have evidence of heart failure after myocardial 
infarction. Eplerenone is an aldosterone blocker that selectively 
blocks the mineralocorticoid receptor and not the glucocorticoid, 
progesterone, or androgen receptors. The Eplerenone Post- Acute 
Myocardial Infarction Heart Failure Efficacy and Survival Study 
(EPHESUS) was performed in 6642 patients who were status 
post-acute myocardial infarction and who had ventricular ejection 
fraction of 40% or less and signs of heart failure [40]. Diabetic 
patients needed only to have an ejection fraction of 40% or less. 
Most patients received a background of standard therapy 
including an angiotensin-converting enzyme (ACE) inhibitor or 
an angiotensin-receptor blocker, diuretics, (3-blockers, and usual 
postinfarction therapy. Patients were randomly assigned to 25 to 
50 mg of eplerenone versus placebo, in a double-blind fashion. 

The primary endpoints were all-cause mortality, and a composite 
of cardiovascular mortality and cardiovascular hospitalization. 
The average age was 64 and the average ejection fraction was 33%. 




Estimated 1-year all cause mortality was 11.8% in the eplerenone 
group and 13.6% in the placebo group (A). Throughout the 
duration of the trial, 14.4% of patients receiving eplerenone and 
16.7% of patients receiving placebo died (relative risk [RR], 0.85; 

P = 0.008). In addition, there was a statistically significant 
reduction in the risk of sudden death in the eplerenone group 
(RR, 0.79; P = 0.03). The second primary endpoint (B), cardio- 
vascular mortality or hospitalization, was achieved in 26.7% of 
the patients receiving eplerenone and 30% of patients receiving 
placebo (RR, 0.87; P = 0.002). Eplerenone was well tolerated by 
most, but as with spironolactone, potassium levels should be 
followed closely, particularly in those with renal insufficiency. 

As anticipated, the incidences of gynecomastia, impotence, and 
breast pain were no higher in the eplerenone-treated patients than 
in the placebo-treated patients. This trial broadens the spectrum of 
heart failure patient who should be considered for aldosterone 
blockade. {Adapted from Pitt et al. [40]. Copyright 2003 Massachusetts 
Medical Society. All rights reserved. Adapted with permission.) 



Angiotensin Receptor Blockers 




Figure 11 - 17 . Alternative pathways to angiotensin II production. Controversy exists 
regarding the rule of angiotensin-receptor blockade (ARB) in the activation of the renin- 



angiotensin system. Several nonenzymatic 
pathways independent of angiotensin- 
converting enzyme (ACE) exist for the 
conversion of angiotensin 1 to angiotensin II 
and may contribute to persistent availability 
of both circulating and tissue angiotensin II 
despite treatment with ACE inhibitors. 
These alternative pathways invoke serine- 
protease inhibitors such as chymase, which 
have been shown in vivo to convert 
angiotensin I to angiotensin II. Because 
ACEs also act to break down products such 
as bradykinin, a factor with prominent 
vasodilatory properties, ACE inhibitors lead 
to higher levels of circulating bradykinin. 
The clinical relevance of this difference 
between the effects of ACE inhibitors and 
ARBs has not been fully elucidated [41]. 
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Figure 11-18. Comparison of supplemental angiotensin- 
converting enzyme (ACE) inhibitor versus addition of 
angiotensin receptor blocker on the blood pressure response to 
angiotensin I. The possibility of a clinically relevant alternative 



pathway to angiotensin II production has led investigators to 
compare the hemodynamic effects of angiotensin II receptor 
blockers with administering doses of ACE inhibitors above the 
maximally recommended doses. This study was performed in 
42 patients with congestive heart failure who had been receiving 
maximally recommended doses of ACE inhibitors for greater 
than 3 months. The difference between the change in radial artery 
systolic pressure with low- and high-dose angiotensin I was 
28 mm Hg in patients on maximal recommended doses of ACE 
inhibitors. This would indicate that a significant amount of 
angiotensin II can be produced despite these doses of ACE 
inhibitors. The addition of valsartan and angiotensin receptor 
blocker significantly reduces the difference between the low- and 
high-dose angiotensin I administration. This effect, however, is 
nearly replicated by doubling the dose of ACE inhibitor. Further, 
the addition of valsartan to the double dose of ACE inhibitor has 
only a small and insignificant reduction in these measured blood 
pressure changes. These results suggest that residual angiotensin 
II production on recommended doses of ACE inhibitors can be 
attributed to the angiotensin-converting enzyme, rather than 
the chymase pathway [42]. 
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Figure 11-19. The effect of angiotensin II receptor blockade on 
mortality: results of trials using angiotensin-converting enzyme 
(ACE) inhibitor naive and intolerant patients. The Evaluation of 
Losartan In The Elderly (ELITE) study randomly selected 722 
patients of 65 years of age or older with symptomatic left 
ventricular failure to receive 50 mg of losartan or captopril titrated 
to 50 mg three times per day. The primary endpoint of this initial 
study was an increase in serum creatinine. There were no 
differences seen with the incidence of rising creatinine. However, 
an unexpected 46% decrease in all-cause mortality was observed 
with losartan. Because of the limited power of this study to 
demonstrate this difference, a follow-up study was performed 
(ELITE-II). The ELITE-II trial was performed in 3152 patients with 
New York Heart Association class (NYHA) II to IV symptoms. 

This study failed to show any significant difference in all-cause 
mortality between losartan and captopril. There was a non- 
significant trend (P = 0.16) favoring captopril in this analysis. The 
Randomized Evaluation of Strategies for Left Ventricular 
Dysfunction (RESOLVD) trial enrolled 768 patients in one of three 
arms, which included candesartan, enalapril, and the combination 
of candesartan and enalapril. This study also showed a non- 
significant trend toward worsened survival in the candesartan 



arms. The Study of Patients Intolerant of Converting Enzyme 
Inhibition (SPICE) trial studied 270 patients who were previously 
found to be ACE inhibitor intolerant. This study followed patients 
over 12 weeks who had received either candesartan or placebo. 
There was no significant difference in mortality in this relatively 
low-risk population [13,43-45]. The Candesartan in Heart failure 
Assessment of Reduction on Mortality and morbidity (CHARM- 
Alternative) trial randomized 2028 patients with chronic heart 
failure (CHE) and ejection fractions (EEs) of 40% or less who were 
intolerant to ACE inhibition to candesartan versus placebo [46]. 
These patients were largely NYHA class II-III. There was a 
reduction in combined endpoint of cardiovascular death or 
hospital admission for heart failure (P < 0.0001). Adjusted for 
covariates, there was also a reduction in all-cause mortality 
(P = 0.033). The Valsartan in Acute Myocardial Infarction 
(VALIANT) trial randomized 14,808 post-myocardial infarction 
patients with clinical or radiologic signs of heart failure and 
an EE of 40% or less to captopril, valsartan, or combination 
captopril and valsartan [47]. There were no differences in 
mortality between the three arms of this large trial, but adverse 
events were more frequent in the combined captopril/valsartan 
group. ARB — angiotensin II receptor blocker. 
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C EFFECT OF ANGIOTENSIN I RECEPTOR BLOCKADE ON MORBIDITY AND MORTALITY IN ADDITION TO 
STANDARD HEART FAILURE MEDICATIONS (PRIMARY AND SECONDARY ENDPOINTS) 
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Figure 11 - 20 . The effects of angiotensin receptor blockade on 
morbidity and mortality in the Valsartan in Heart Failure Trial 
(Val-HeFT) study [48]. This randomized, double-blind, placebo- 
controlled trial studied the clinical effect of the addition of 
valsartan to standard heart failure care that included angiotensin- 
converting enzyme (ACE) inhibitor therapy This study enrolled 
5010 patients and included two primary endpoints: all-cause 
mortality, and the composite endpoint of mortality hospitali- 
zation, and the need for intravenous inotropes for greater than 
4 hours. The patient population studied was largely New York 
Heart Association class II and III. The majority received an ACE 



inhibitor (93%), some received a (3-blocker {35%), and only 
5% received spironolactone. The addition of valsartan to standard 
heart failure care resulted in no improvement in all-cause 
mortality (A). However, the risk of reaching the composite 
endpoint was reduced by 13% with valsartan (B). The vast 
majority of the benefit found in this composite endpoint was 
through reduction in heart failure hospitalizations. Hospitali- 
zations were reduced by 27.5To with the addition of valsartan, 
with a highly significant P value of 0.001 (C). {Adapted from Cohn 
et al. [48]. Copyright 2003 Massachusetts Medical Society. All 
rights reserved. Adapted with permission.) 
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Figure 11-21. Effect of angiotensin receptor blockade on morbidity 
and mortality: subgroup analysis (Val-HeFT). Analysis of subgroups 
within the Val-HeFT trial showed that these benefits applied nearly 
equally with older and younger patients, as well as males and 
females. Patients with lower left ventricular ejection fractions seemed 
to benefit more with the addition of valsartan (A). Although the 
percentage of patients not receiving angiotensin-converting enzyme 
(ACE) inhibitors in this study was rather small (7%), these patients 



were observed to have a marked reduction in the composite endpoint 
with a relative risk of 0.56 (95% Cl, 0.39-0.81). Interestingly, patients 
receiving both ACE inhibition and (3-blockade (32%) were observed to 
have a statistically significant increase in mortality when receiving 
valsartan (P = 0.009) (48), and a trend toward adverse results on the 
combined endpoint (B). NYHA-New York Heart Association. 
{Adapted from Cohn et al. [48]. Copyright 2003 Massachusetts 
Medical Society. All rights reserved. Adapted with permission.) 
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Figure 11-22. Comparison of increases in serum creatinine with 
angiotensin receptor blockers versus angiotensin-converting 
enzyme (ACE) inhibitors. Initial interest in angiotensin receptor 
blockers was also driven by the hypothesis that these agents may 
be less prone to cause renal insufficiency, particularly in elderly 
patients. The ELITE trial studied this effect in 722 ACE inhibitor 
-naive patients 65 years of age or older. The incidence of a rise in 
creatinine (defined as a rise > 0.3 mg/dL) was 10% in the captopril 
arm of this study. There was no significant difference in the 
incidence of increase in creatinine with losartan therapy. The 
results were similar for younger as well as older patients [43]. 



Figure 11-23. Comparison of withdrawals for adverse effects. 
Investigators in the ELITE-II observed that significantly fewer 
patients taking losartan discontinued treatment because of adverse 
effects. Nearly 15% of patients taking captopril in this study were 
unable to continue the study drug throughout the follow-up 
period. Over 90% of patients assigned to the losartan treatment 
arm were able to continue study drug throughout the follow-up 
period. Approximately 8% of patients assigned to the captopril 
treatment arm stopped the study drug due to a drug-related 
adverse effect. Less than half of these patients stopped due to 
an intolerable cough, a side effect seen infrequently in patients 
assigned to the losartan arm. Presumably, the majority of the 
remaining drug-related adverse effects were caused by 
symptomatic hypotension. This difference may have been 
expected when comparing captopril and losartan given the 
difference in pharmacokinetics between these two agents [13]. 
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Figure 11-24. The effects of angiotensin receptor blockade on 
morbidity and mortality in the Candesartan in Heart failure 
Assessment of Reduction on Mortality and morbidity (CH ARM- 
Added) trial. This randomized, double-blind, placebo-controlled 
trial studied the clinical effect of the addition of candesartan to 
standard heart failure care that included angiotensin-converting 
enzyme (ACE) inhibitor therapy [49]. This study enrolled 2548 
patients, the primary endpoint being cardiovascular death or 
hospitalization for heart failure. The patient population studied 
was largely New York Heart Association class II and III. The 
majority received an ACE inhibitor (99.9To), some received a 
(3-blocker (55.5%), and 17.2To received spironolactone. The 
addition of candesartan to standard heart failure care resulted 
in a significant reduction in the primary outcome by 15%. All 
secondary outcomes were significantly reduced as well. 
CHE-congestive heart failure. {Adapted from Granger et al. [46]. 
Copyright 2003 Massachusetts Medical Society. All rights reserved. 
Adapted with permission.) 
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Figure 11-25. New paradigm to attenuate the renin-angiotensin-aldosterone system. 
Although the angiotensin-converting enzyme (ACE) inhibitors are considered to be the 
standard approach for inhibition of the renin-angiotensin-aldosterone system, a review 
of the literature clearly demonstrates that many pharmacologic classes, despite a broad 



diversity in their therapeutic effects, 
have been shown to inhibit the renin- 
angiotensin-aldoserone system to varying 
degrees. Digoxin blocks release of renin 
from the juxtaglomerular cells of the 
kidney. Sympatholytic agents, or 
P-blockers, inhibit the sympathetic 
stimulus for renin release, which is a 
prominent feature for renin release in heart 
failure. Both converting inhibitors and 
angiotensin receptor antagonists have 
hemodynamic properties that would be 
considered "vasodilator" in overall action. 
Whereas converting enzyme inhibitors 
prevent the generation of angiotensin II, 
the receptor antagonists block the effects 
of circulating angiotensin II at multiple 
target organ sites. Finally, angiotensin II 
upregulation leads to release to 
aldosterone. Aldosterone has been shown 
to lead to myocyte hypertrophy as well as 
fibrosis of the myocardium. Spironolactone 
is a competitive inhibitor to aldosterone 
and has been shown to reduce mortality in 
patients with advanced heart failure. 
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^-BLOCKERS 



Michael M. Givertz and Wilson S. Coined 

The overall goals in the management of heart failure are to prevent or eliminate 
symptoms, improve quality of life, and prolong survival. Paradoxically, as has 
been demonstrated with positive inotropic agents such as vesnarinone and 
flosequinan, chronic heart failure therapy may improve quality of life and 
reduce symptoms while increasing mortality. As discussed in Chapter 11, 
sev'eral large randomized controlled trials have demonstrated the beneficial 
effects of angiotensin-converting enzyme (ACE) inhibitors and angiotensin 
receptor antagonists on exercise tolerance, clinical signs and symptoms, neuro- 
hormonal stimulation, quality of life, and survival in patients with chronic 
heart failure. 

P-adrenergic antagonists were traditionally contraindicated in the treatment 
of heart failure because of concern for negative inotropic effects leading 
to clinical deterioration. In the 1980s, studies demonstrated that chronic 
overactivity of the sympathetic nervous system could contribute to disease 
progression and mortality in patients with chronic systolic heart failure. Small, 
uncontrolled trials suggested a beneficial effect of p-adrenergic antagonists in 
heart failure. Subsequent randomized controlled trials — US Carvedilol, 
the Metoprolol CR/XL Randomised Intervention Trial in Congestive Heart 
Failure (MERIT-HE), the Cardiac Insufficiency Bisoprolol Study II (CIBIS-II), 
the Carv'edilol Prospective Randomized Cumulative Survival (COPERNICUS) 
trial — have demonstrated that P-blockers improve symptoms and left 
ventricular function, and reduce morbidity and mortality in patients with 
chronic heart failure due to systolic dysfunction. These drugs may have 
variable actions related in part to their non-P-blocking effects, and must be 
titrated with caution in symptomatic patients. Consensus guidelines 
recommend p-blockers, in addition to antagonists of the renin-angiotensin 
system, for the long-term management of patients with symptomatic heart 
failure. The role of p-blockers in patients with asymptomatic left ventricular 
dysfunction has not been tested. Furthermore, the safety and efficacy of 
p-blockers in patients with refractory heart failure remains unproven. 
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Figure 12-1. The level of activation of the sympathetic nervous 
system predicts survival in patients with chronic heart failure. 

A, Anand et al. [1] measured plasma norepinephrine (NE) levels in 
approximately 4300 patients with stable symptomatic heart failure 
and left ventricular ejection fraction less than 40% enrolled in the 
Valsartan Heart Failure Trial (Val-HeFT). After randomization, 
patients were followed prospectively for all-cause mortality or first 
morbid event (defined as death, sudden death with resuscitation, 
hospitalization for heart failure, or intravenous inotropic or 
vasodilator therapy for at least 4 hours). The mean ± SD for 
plasma NE was 464 ± 323 pg/mL (median, 394 pg/mL). 

As shown by the Kaplan-Meier curves, baseline NE in quartiles 
showed a significant quartile-dependent increase in mortality 
and first morbid event. 

B, Neurohormonal data from the Studies of Left Ventricular 
Dysfunction (SOLVD) demonstrated that plasma NE levels 
are also increased in patients with asymptomatic left ventricular 
dysfunction, and carry important prognostic information. Shown 
is the effect of plasma NE on all-cause mortality, cardiovascular 
mortality, development of congestive heart failure (CHE), hospi- 
talization for CHE, and development of ischemic events. For each 
group, the increase in risk is shown as a 
percentage. The horizontal lines indicate 
the 95% Cl. The size of each square is 
proportional to the number of events in 
that group. These and other studies suggest 
that chronic overactivity of the sympathetic 
nervous system contributes to mortality 
in patients with heart failure, and may 
contribute to disease progression even in 
patients with early, asymptomatic disease. 
(A adapted from Anand et al [1]; 

B adapted from Benedict et al. [2].) 
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Figure 12-2. Adverse effects of sympathetic activation in heart 
failure. The adverse effects of the sympathetic nervous system are 
mediated by an increase in sympathetic outflow from the central 
nervous system (CNS). This, in turn, increases sympathetic activity 
in the heart, kidneys, and blood vessels {see Chapters 4 and 6) 
with direct tissue effects mediated by a^-, P^-, and P 2 -adrenergic 
receptors. Together, these receptors mediate pleiotropic effects that 
have adverse consequences in heart failure, including myocyte 
death, proarrhythmia, vasoconstriction, and sodium retention. 

The renin-angiotensin system (RAS) becomes activated when 
sympathetic activity to the kidneys and blood vessels increase. 

This contributes to vasoconstriction and sodium retention. 

{Adapted from Packer [3].) 



Mechanistic Studies 




Figure 12-3. Acute and chronic hemodynamic effects of 
p-blockers in patients with heart failure: the role of the 
sympathetic nervous system. The sympathetic nervous system, 
acting via stimulation of myocardial P-adrenergic receptors, plays 
an important role in supporting cardiac pump function in patients 
with myocardial failure. Not surprisingly, in such patients the 
immediate effect of a P-blocker is deterioration in hemodynamic 
performance. Intravenous administration of a low dose of the 
p-adrenergic antagonist metoprolol to patients with heart failure 
decreased heart rate and cardiac index, and caused a small 
increase in left ventricular end-diastolic pressure (LVEDP). 
Although the acute vascular effect of P-blockade is to increase 
systemic vascular resistance, systolic blood pressure decreased, 
reflecting a decrease in cardiac output. In striking contrast, long- 
term administration of oral metoprolol to the same patients was 
associated with a decrease in LVEDP and an increase in cardiac 
index, despite a further decrease in heart rate indicative of more 
complete p-blockade. These data indicate that although the acute 
hemodynamic effect of P-adrenergic blockade is to worsen hemo- 
dynamics, long-term treatment is associated with improvement in 
ventricular function. Asterisk indicates P < 0.01 vs baseline; 
dagger indicates P < 0.001 vs baseline, bpm — ^beats per minute. 
{Adapted from Hjalmarson and Waagstein [4].) 
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Figure 12-4. Time course of the increase in left ventricular ejection 
fraction (LVEF) with long-term (3-blocker therapy in patients with 
heart failure. One of the most consistent findings in controlled 
trials of chronic (3-blocker therapy in patients with heart failure has 
been an increase in LVEF. The increase in ejection fraction is time- 
dependent. Hall et al. [5] demonstrated that after 1 day of therapy 
with metoprolol, patients demonstrated a significant reduction in 
LVEF that was associated with an increase in end-systolic volume. 
However, with continued therapy, and despite uptitration to 
higher doses of metoprolol, LVEF returned to baseline by 1 month 
and was significantly increased over baseline by 3 months. 

Overall, LVEF increased from 23% to 32% (P = 0.001). In the 
placebo group, there were no significant changes in ejection 
fraction or left ventricular volumes. Data from this and other 
studies demonstrate that long-term improvements in LVEF are 
associated with improved outcomes. {Adapitcd from Hall ct al. [5].) 




Figure 12-5. Effect of long-term treatment with carvedilol on left 
ventricular volumes. The Australia-New Zealand (ANZ) Heart 
Failure Research Collaborative Group randomly assigned patients 
with ischemic heart failure and a left ventricular ejection fraction 
(LVEF) of less than 45% to carvedilol or placebo. An echocar- 
diographic substudy was performed on 123 patients to determine 
the effects of treatment on left ventricular (LV) size and function 
at 6 and 12 months [6]. After 6 months of therapy, LVEF had 
increased by 4.9% in the carvedilol group compared with a 



decrease of 0.9% in the placebo group (2P < 0.001). As shown, 
the LV end-diastolic (A) and end-systolic (B) volume indices 
(LVEDVI and LVESVI, respectively) increased in the placebo 
group at 12 months but were reduced in the carvedilol- treated 
patients. These data suggest that carvedilol exerted a beneficial 
reverse remodeling effect. Similar antiremodeling effects on the 
left ventricle have been demonstrated with metoprolol CR/XL 
using cardiac MRI [7]. {Adapted from Doughty et al. [6].) 
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RESULTS FROM MAJOR PLACEBO-CONTROLLED TRIALS OF |3-BLOCKERS IN HEART FAILURE ^ 
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Figure 12-6. Major placebo-controlled trials of (3-blockers in heart 
failure. The available randomized data overwhelmingly show 
that carvedilol, metoprolol CR/XL, and bisoprolol reduce 
morbidity {eg, all-cause hospitalization) and all-cause mortality in 




Figure 12-7. The US Carvedilol Heart Failure Trials Program 
effect on major clinical events. In 1997, the US Food and Drug 
Administration approved carvedilol, a nonselective (3-adrenergic 
antagonist with a^-adrenergic receptor blocking and antioxidant 
properties, as adjunctive therapy for patients with mild-to- 
moderate heart failure. This decision was based in large part on the 
results of the US Carvedilol Heart Failure Trials Program, which 
randomly assigned 1094 patients with chronic heart failure and 
a left ventricular ejection fraction less than or equal to 35% to 
placebo or carvedilol in addition to conventional therapy with an 



patients with mild to severe heart failure. BEST — Beta Blocker 
Evaluation of Survival Trial; NS — not significant. {Adapted from 
Gheorghiade et al [8].) 




angiotensin-converting enzyme inhibitor, diuretics, and digoxin. 
Patients were assigned to one of four treatment protocols based on 
exercise capacity as assessed by a 6-minute walk test. After a mean 
follow-up of 7 months, the overall mortality rate was 7.8% in the 
placebo group versus 3.2% in the carvedilol group (risk reduction 
[RR], 65%; 95% Cl, 39% to 80%; P < 0.001) (A). In addition, 
carvedilol resulted in a 27% reduction in the risk of cardiovascular 
hospitalization (P = 0.036) and a 38% reduction in the combined 
endpoint of death or cardiovascular hospitalization (B); (P = 0.007). 
{Adapted from Packer et al. [9].) 
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Figure 12-8. Dose-dependent effects of carvedilol on ejection 
fraction in the Multicenter Oral Carvedilol Heart Failure 
Assessment (MOCHA) trial. This trial, a component of the 
US Carvedilol Heart Failure Trials Program, tested whether 
the effects of carvedilol were dose-related. Patients {n = 345) 
with mild-to-moderate heart failure were randomly assigned 
to treatment with placebo or carvedilol in one of three target 
doses: 6.25 mg twice a day (low-dose group), 12.5 mg twice a 



day (medium-dose group), or 25 mg twice a day (high-dose 
group). Although carvedilol had no effect on the primary 
endpoint of submaximal exercise, there was a significant 
dose-related improvement in left ventricular ejection fraction 
(LVEF) (A). Carvedilol also decreased mortality in a dose- 
related fashion (P < 0.001), and lowered the hospitalization rate 
by approximately 60% (B). bid — twice a day. {Adapted from 
Bristow et nl. [10].) 
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Figure 12 - 9 . Survival results from CIBIS-II. This study randomly 
assigned 2647 patients with New York Heart Association (NYHA) 
functional class III and IV heart failure and a left ventricular 
ejection fraction of less than or equal to 35% to treatment with the 
P^-selective antagonist bisoprolol (up to 10 mg daily) or placebo. 
The study was stopped early, after a mean follow-up of 1.3 years, 
when the second interim analysis demonstrated a 34% reduction 
in all-cause mortality with bisoprolol (A) (P < 0.001). Bisoprolol 
also reduced sudden death by 42% and hospitalization for 
worsening heart failure by 32%. The number of permanent 
treatment withdrawals was similar in the two groups. 



Subgroup analyses (B) revealed that the treatment effects 
of bisoprolol were independent of heart failure etiology or 
NYHA class. A meta-analysis of randomized controlled trials 
of p-blockers in heart failure [11] observed similar reductions in 
mortality for patients with ischemic (OR, 0.69; 95% Cl, 
0.45-0.98) and nonischemic cardiomyopathy (OR, 0.69; 95% 

Cl, 0.47-0.99). Most patients (83%) in ClBIS-Il were in 
NYHA class 111 and the annual mortality rate was only 13% 
in the placebo group, leading the investigators to caution 
against extrapolating the results to patients with severe 
heart failure. DCM — dilated cardiomyopathy. [Adapted from 
the CIBIS II Investigators [12].) 
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Figure 12-10. Results from the MERIT-HF trial. This trial 
randomly assigned 3991 patients with New York Heart 
Association (NYHA) class II to IV heart failure and a left 
ventricular ejection fraction of less than or equal to 40% to 
metoprolol CR/XL (up to 200 mg daily) or placebo. After a mean 
follow-up of 1 year, an independent safety committee 
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Figure 12-11. Dose of metoprolol CR/XL and outcomes in 
MERIT-HF. Wikstrand et al. [14] performed a post-hoc analysis to 
describe the heart rate (HR) response during the titration phase 
and clinical outcomes in patients who reached more than 100 mg 
of metoprolol CR/XL (high-dose group; n = 1202) and those that 
reached 100 mg or less (low-dose group; n = 604). Compared with 
the high-dose group, the low-dose group was slightly older, had 
more patients in New York Heart Association (NYHA) class III/IV, 
and had a higher incidence of prior myocardial infarction (MI) (A). 
Mean metoprolol CR/XL dose after 3 months was 76 mg in the 
low-dose group versus 192 mg in the high-dose group. The HR 
achieved was 67 beats per minute (bpm) in both low-dose and 



recommended stopping the study early because of a 34% 
reduction in all-cause mortality in the metoprolol CR/XL group 
(A) (P = 0.0062). Metoprolol CR/XL also reduced cardiovascular 
mortality by 38%, sudden death by 41%, and death due to 
worsening heart failure by 49% (B). {Adapted from the MERIT-HF 
Study Group [13].) 




high-dose groups — a mean reduction in HR from baseline of 13.7 
versus 15.9 bpm, respectively. 

Total mortality in the placebo group {n = 1845) from the 
3-month visit to the end of the study was 10.8% per patient year 
of follow-up, compared with 6.8% in the two metoprolol CR/XL 
groups combined (B). Mortality tended to be higher in the low- 
dose group compared with the high-dose group (8.0% vs 6.2% 
per patient year of follow-up; relative risk, 1.30; 95% Cl, 0.87-1.96), 
but relative risk reduction with metoprolol CR/XL compared 
with placebo was similar: 38% (95% Cl, ll%-57%) in the low-dose 
group (P = 0.010) and 38% (95% Cl, 16%-55%) in the high-dose 
group (P = 0.0022). {Adapted from Wikstrand et al. [14].) 
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Figure 12-12. (3- Adrenergic antagonists in severe heart failure. 

The US Carvedilol Program and the MERIT-HF study confirmed 
that p-blockers reduce morbidity and mortality in patients with 
mild-to-moderate heart failure. To test the efficacy of P-blockers in 
patients with severe heart failure, the COPERNICUS study 
randomly assigned 2289 patients with symptoms of heart failure at 
rest or on minimal exertion and a left ventricular ejection fraction 
(LVEE) less than 25% to carvedilol or placebo for a mean of 10.4 
months. Patients were receiving standard therapy, including 
diuretics optimized to achieve euvolemia; they were excluded 
if they required intensive care or intravenous vasodilators or 
positive inotropes. The study was stopped early by the Data and 



Safety Monitoring Board due to the finding of a 35% decrease in 
the risk of death with carvedilol (95% Cl, 19°/o-48%; P = 0.00013 
unadjusted) (A). 

The reduction in mortality was consistent across a range of 
subgroups defined according to sex, age, location of study center, 
LVEE, cause of heart failure, and history of recent heart failure 
hospitalization (B). Carvedilol was well tolerated in patients with 
severe heart failure as demonstrated by the fact that fewer patients 
in the carvedilol group were permanently withdrawn from study 
medication due to adverse effects (1-year withdrawal rate 18.5To 
in the placebo group vs 14.8% in the carvedilol group [P = 0.02]). 
{Adapted from Packer ct ai [15].) 



2289 patients enrolled in the COPERNICUS 
study, 624 (27%) patients fulfilled criteria 
for recent or recurrent cardiac decom- 
pensation or very depressed cardiac 
function, of whom 316 were randomly 
assigned to placebo and 308 to carvedilol. 
These high-risk patients were characterized 
by one or more of the following at 
randomization: presence of rales, ascites, or 
edema; three or more hospitalizations for 
heart failure within the past year; current 
hospitalization; need for intravenous 
positive ino trope or vasodilator within 14 
days; or left ventricular ejection fraction 
less than or equal to 15%. Kaplan-Meier 
curves suggest that the differences between 
the carvedilol and placebo groups begin to 
appear as early as 14 to 21 days after 
initiation of treatment in both all -cause 
mortality (hazard ratio, 0.20; 95% Cl, 
0.06-0.70) and the combined endpoint of 
Figure 12 - 13 . Early benefits of carvedilol in high-risk patients. Krum et al. [16] sought death, hospitalization, or withdrawal 

to determine the early benefits and risks of P-blocker therapy in patients with severe heart (hazard ratio, 0.67; 95% Cl, 0.47-0.96). 
failure who might be expected to have the greatest difficulty starting treatment. Of the {Adapted from Krum et al [16].) 
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Figure 12-14. Spectrum of severe heart failure. The COPERNICUS 
study demonstrated the benefits of P-blockers in patients with 
severe heart failure, including high-risk patients {see Fig. 12-13). 
However, in the overall COPERNICUS study, the cumulative risk 
of death at 1 year was only 18.5% in the placebo group [15]. 

Other heart failure trials such as the Prospective Randomized 
Amlodipine Survival Evaluation (PRAISE-1) and the Randomized 
Evaluation of Mechanical Assistance for the Treatment of 
Congestive Heart Failure (REMATCH) studies enrolled patients 
with annual placebo mortality rates ranging from 27% to 75%. The 
safety and efficacy of P-blockers in these very high-risk patients 
with unstable or refractory heart failure remains to be determined. 
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Figure 12-15. P-Blockers after acute myocardial infarction. The 
beneficial effects of P-blockers after acute myocardial infarction 
were demonstrated prior to the introduction of angiotensin- 
converting enzyme (ACE) inhibitors, thrombolytic therapy, and 
primary percutaneous coronary intervention, and prior studies 
tended to exclude patients with heart failure and did not measure 
left ventricular (LV) function. The CAPRICORN study randomly 
assigned 1959 patients 3 to 21 days after acute myocardial 
infarction with an ejection fraction less than or equal to 40% to 
carvedilol or placebo for a mean of 1.3 years. Reperfusion therapy, 
mainly thrombolysis, was used in 46% of patients, and 98% were 
receiving ACE inhibitors at the time of randomization. Although 
there was no difference between the treatment groups in the 
primary endpoint of death or cardiovascular hospitalization, 
carvedilol reduced all-cause mortality by 23%. There were 116 
deaths in the carvedilol group compared with 151 deaths in the 
placebo group (hazard ratio, 0.77; 95% Cl, 0.60-0.98; P = 0.031). 
Carvedilol had no significant effect on sudden death, but reduced 
the risk of nonfatal myocardial infarction by 41%. {Adapted from the 
CAPRICORN Investigators [17].) 
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Figure 12-16. Race and the response to 
(3-blockers in heart failure. The BEST 
randomly assigned 2708 patients with 
moderate-to-severe heart failure to double- 
blind therapy with placebo or bucindolol, 
a nonselective (3-blocker with mild 
vasodilator effects (A). After an average 
follow-up of 2 years, there was a 
nonsignificant reduction in mortality with 
bucindolol (hazard ratio, 0.90; 95% Cl, 
0.78-1.02; adjusted P = 0.13). A prespecified 
subgroup analysis suggested a lack of 
benefit with bucindolol in black patients, 
whereas nonblack patients had a 
significant survival benefit (hazard ratio, 
0.82; 95% Cl, 0.70-0.96; P = 0.01). 

A retrospective analysis of the US 
Carvedilol Heart Failure Trials Program 
was performed to determine whether race 
influences the response to carvedilol in 
patients with chronic heart failure (B). 

On average, black patients {n = 217) were 
younger, more likely to have hypertension, 
and less likely to have ischemic heart 
disease than nonblacks {n - 877). 

Compared with placebo, carvedilol 
lowered the risk of death or hospitalization 
by 48% in black patients (P = 0.01, left panel) 
and 30% in nonblack patients (P = 0.01, 
right panel). Carvedilol improved New York 
Heart Association (NYHA) class and 
ejection fraction in both blacks and 
nonblacks with no significant interaction 
between treatment effect and race 
(P > 0.05). CAD — coronary artery disease; 
LVEF — left ventricular ejection fraction. 

(A adapted from the BEST Investigators [18]; 
B adapted from Yancy et al. [19].) 



ATLAS OF HEART FAILURE: CARDIAC FUNCTION AND DYSFUNCTION 

222 






A 



Relative risk 



Figure 12-17. Race and the response to p-blockers in heart failure. 
Shekelle et ah [20] performed a meta-analysis of the BEST, 
COPERNICUS, MERIT-HE, and US Carvedilol HE studies to 
produce random effects estimates of mortality according to race. 
The four studies enrolled 1172 black and more than 8000 white 
patients. The pooled random effects estimate of the relative risk 
(RR) of the effect on mortality for black patients (A) was 0.97 (95% 
Cl, 0.68-1.37), whereas for white patients (B), it was 0.69 (95% Cl, 
0.55-0.85). The pooled effects estimate (without BEST) for black 
patients was 0.67 (95% Cl, 0.38-1.16). In this figure, the size of the 
box is proportional to the sample size, and the lines denote the 
95% Cl. For the combined result, the ends of the diamond shape 
denote the 95% CL The authors' interpretation of these data is that 
black patients are likely to have the same RR reduction as white 
patients treated with the p-blockers bisoprolol, metoprolol, or 
carvedilol. {Adapted from Shekelle et al. [20].) 
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Figure 12-18. Clinical pharmacology of 
P-adrenergic antagonists. The phar- 
macology of P-adrenergic antagonists 
differs substantially with regard to 
properties such as the relative selectivity 
for p^- versus p 2 -adrenergic receptors 
and the presence or absence of various 
vasodilator mechanisms and intrinsic 
sympathomimetic activity. Shown are the 
major pharmacologic properties of several 
P-blockers. Zero indicates no activity; 
plus signs indicate activity; direct indicates 
a direct vasodilator action. In addition 
to these properties, carvedilol and its 
metabolite have been shown to exert 
antioxidant effects in vitro. Whether 
the non-P-blocking properties of these 
agents contribute to their clinical efficacy 
remains unclear. 
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Figure 12-19. Comparison of carvedilol and metoprolol in heart 
failure. Both metoprolol and carvedilol reduce mortality in heart 
failure [13,15]. Whether the broader adrenergic blocking effects of 
carvedilol confer an additional advantage over (3^ -selective agents is 
unknown. Several small studies comparing metoprolol and 
carvedilol found a greater improvement in ejection fraction with 
carvedilol, but no difference in symptoms, quality of life, or 
submaximal exercise [8]. The Carvedilol or Metoprolol European 
Trial (COMET) randomly assigned 3029 patients with chronic heart 
failure (New York Heart Association [NYHA] functional class II to 
rV) and a left ventricular ejection fraction (LVEE) less than 35% to 
receive treatment with carvedilol (target dose 25 mg twice daily) or 
metoprolol tartrate (target dose 50 mg twice daily) for a mean of 
58 months. The primary endpoints were all-cause mortality and 
the composite endpoint of all-cause mortality or all-cause hospi- 
talization. A total of 512 subjects in the carvedilol group died 
compared with 600 in the metoprolol group, giving a hazard ratio of 
0.83 (95% Cl, 0.74-0.93; P = 0.0017). As shown in the Kaplan-Meier 
curves, the mortality benefit became apparent at about 6 months (A). 
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Figure 12 - 19 . Continued The reduction in all-cause mortality 
was similar in direction and magnitude across the predefined 
subgroups (B). 

Physiologic p-blockade was assessed by measuring resting 
heart rate (HR) at baseline and follow-up visits (C). The mean 
baseline HRs were identical in the two groups. The mean daily 
dose of P-blocker at entry into the maintenance phase was 41.8 mg 
in the carvedilol group and 85 mg in the metoprolol group, with 
75% and 78% of patients receiving target doses, respectively. After 
4 months of treatment, mean HF had decreased by 13.3 beats per 
minute (bpm) in the carvedilol group versus 11.7 bpm in the 
metoprolol group. The HR did not differ after 16 months. T bars 
indicate 1 SE. BP — ^blood pressure; IHD — ischemic heart disease. 
{Adapted from Poole- Wilson et al. [21].) 
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Figure 12-20. Differential effects of carvedilol and metoprolol on sympathetic activity 
in heart failure. Nonselective versus P^-selective adrenergic antagonists may have 
differential effects on norepinephrine (NE) release from nerve terminals mediated by 
prejunctional P 2 -adrenergic receptors. Thirty-six patients with chronic heart failure and left 
ventricular ejection fraction less than or equal to 35% were randomly assigned to receive 
carvedilol (target dose 25 mg twice daily) or metoprolol (target dose 50 mg twice daily). 
Hemodynamics and cardiac and systemic NE kinetics were assessed at baseline and after 



4 months of double-blind therapy. The mean 
maximum dose of study drug was 43 mg 
in the carvedilol group and 68 mg in the 
metoprolol group. In the carvedilol group, 
there was a significant reduction in total 
body NE spillover (TBNESP) from 4.5 ± 0.5 
to 2.8 ± 0.2 nmol/min (A) and in cardiac NE 
spillover (CANESP) from 236 ± 44 to 149 ± 
24 pmol/min (B). By contrast, metoprolol 
caused no significant change in either 
TBNESP or CANESP {asterisk indicates 
P < 0.05 vs before treatment; dagger indicates 
P < 0.05 vs the change observed in the 
metoprolol group; values are mean ± SEM). 
These data provide a rationale for potential 
differences in the long-term impact of non- 
selective versus selective p^-receptor 
antagonists on clinical outcomes in heart 
failure. {Adapted from Azevedo et al [22].) 
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Figure 12-21. The effect of (3-blockers on the hemodynamic response to inotropic therapy. 
Patients with advanced heart failure on chronic p-blocker therapy may be hospitalized with 
acute decompensated heart failure and require hemodynamic support with positive 



inotropic agents. Metra ct al. [23] compared 
the hemodynamic effects of dobutamine 
(5 to 20 pg/kg/ min intravenously) and the 
phosphodiesterase inhibitor enoximone 
(0.5 to 2 mg /kg intravenously) before and 
after chronic (3-blocker therapy in 29 
patients with New York Heart Association 
(NYHA) class 11 to IV heart failure (mean 
left ventricular ejection fraction, 18%). Long- 
term therapy with metoprolol (mean dose, 
129 mg daily) or carvedilol (mean dose, 

43 mg daily) was associated with significant 
improvements in symptoms, left ventricular 
ejection fraction, and hemodynamics in 
both groups. Shown are absolute changes 
(mean ± SEM) from baseline in cardiac 
index (Cl) after dobutamine (A and C) or 
enoximone (B and D) administration before 
{open symbols) and after {closed symbols) long- 
term treatment with metoprolol or 
carvedilol. Before (3-blocker therapy. Cl 
increased after both dobutamine and 
enoximone in both treatment groups. 
Metoprolol did not change the Cl response 
to dobutamine (A), but augmented the 
response to enoximone (B) (P = 0.009); 
carvedilol inhibited the Cl response to 
dobutamine (C) (P = 0.0001), but had no 
effect on the response to enoximone (D). 
These data suggest that acute Inotropic 
support with a phosphodiesterase inhibitor 
rather than a (3-adrenergic agonist may be 
preferred in patients with decompensated 
heart failure, especially if they are receiving 
long-term therapy with carvedilol. {Adapted 
from Metra et al. [23].) 




Figure 12-22. Beyond clinical trials: the efficacy of (3-blockers in 
older patients with heart failure. Johnson et al. [24] assessed the 
association between prescriptions of (3-blockers (BB) and 
angiotensin-converting enzyme (ACE) inhibitors or angiotensin 
receptor blockers (ARB) 3 months after hospital discharge and 
mortality for newly diagnosed heart failure in Canadian seniors 
(aged 65 years and older). Between 1994 and 1999, there were 
11,854 senior hospital admissions for newly diagnosed heart 
failure; patients were included regardless of left ventricular 
function. Adjusted 1-year mortality was lower in seniors with 
prescriptions for BB (18.2%; 95% Cl, 14.2%-22.2%), ACE/ ARB 
(22.3%; 95% Cl, 20.9%-23.7%), or both (16.6%; 95% Cl, 
13.3%-20.0%) compared with those who received neither BB 
nor ACE/ARB (29.9%; 95% Cl, 28.8%-31.0%) {Asterisk indicates 
P < 0.05 vs no ACE/ ARB or BB). This population-based study 
of incident heart failure cases among seniors demonstrates the 
effectiveness of (3-blocker therapy in a broad range of patients not 
typically included in randomized controlled trials. {Adapted from 
Johnson et al. [24].) 
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Strategies to Increase P-blocker Use 




Figure 12-23. Strategies to increase p-blocker use in heart failure. 
Despite clear evidence of a survival benefit for p-blockers in chronic 
heart failure and the widespread dissemination of practice 



guidelines, these agents remain underutilized [8]. Ansari et al. [25] 
enrolled 169 patients with chronic heart failure, an ejection fraction 
of less than or equal to 45%, and no contraindications to p-blockers 
into a clinical trial designed to evaluate strategies to increase 
P-blocker use. The patients' primary providers were randomly 
assigned to one of three interventions: 1) provider education 
(control; closed squares); 2) computerized provider reminders and 
patient letters advocating p-blockers (patient/provider notification; 
closed circles); and 3) supervised nurse to initiate and titrate 
p-blockers (nurse facilitator; closed triangles). The proportion of 
patients who were initiated or uptitrated and maintained on 
p-blockers was 67% in the nurse facilitator group compared with 
16% in the provider /patient notification group and 27% in the 
control group (P < 0.001 for both comparisons). As shown, the 
proportion of patients who reached target p-blocker doses at 
1 year was higher in the nurse facilitator group (47%) compared 
with the patient/provider notification (2%) and control (10%) 
groups. These data provide further support for nurse-directed 
heart failure disease management programs to improve quality 
of care and clinical outcomes in patients with heart failure. 

{Adapted from Ansari et al. [25].) 
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Figure 12-24. Strategies to increase p-blocker use in heart failure 
(HF): safety and efficacy of predischarge initiation. The Initiation 
Management Predischarge: Process for Assessment of Carvedilol 
Therapy in Heart Failure (IMPACT-HF) trial was designed to 
evaluate whether a strategy of p-initiation pre-hospital discharge 
would be effective at improving p-blocker use at 60 days post- 
discharge without increasing side effects or hospital length of stay. 
Three hundred sixty-three patients with a left ventricular ejection 
fraction of less than 40% who were hospitalized with HF and did not 
require inotropic support were randomly assigned to receive 
predischarge initiation of carvedilol (3.125 mg twice daily) or post- 
discharge initiation of p-blocker at the physicians' discretion. At 60 
days, 165 patients (91.2%) randomly assigned to carvedilol initiation 
predischarge were treated with a p-blocker compared with 130 
patients (73.4%) randomly assigned to postdischarge initiation 
(P < 0.0001). Patients in the predischarge initiation group were also 



more likely to reach a higher percentage of the target p-blocker dose 
(data not shown). There was no difference in the need for permanent 
p-blocker discontinuation between the two groups. Further, the rates 
of hypotension, bradycardia, and worsening HF requiring drug 
discontinuation were low and did not differ between the groups. 
Although the study was not powered to detect significant differences 
in clinical outcomes, a composite clinical endpoint that included 
death, recurrent hospitalization, unscheduled visit for HF, and 
change in HF therapy, was reached by 45.5% of patients in the 
predischarge initiation group and 46.1% of patients in the post- 
discharge initiation group (P = 0.9). These data suggest that a 
strategy of predischarge initiation of p-blockade is a safe and 
effective method for increasing utilization of p-blockers in stabilized 
patients hospitalized with HF. The safety of initiating p-blockers in 
patients with unstable HF remains unproven. {Adapted from Gattis 
etal. [26].) 
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New Approaches to the 
Treatment of Heart Failure 

Michael M. Givertz and Wilson S. Coined 



The major goals in the therapy for chronic heart failure include the amelioration 
of symptoms and the reduction of morbidity and mortality. There is over- 
whelming evidence that angiotensin<onverting enzyme (ACE) inhibitors and 
(i-blockers achieve both of these goals and therefore are first-line therapy. 
For patients who remain symptomatic, the clinical utility of digitalis and 
spironolactone has also been established. Despite the appropriate use of standard 
therapy, many patients will experience progressive symptoms and reduced 
survival. Fortunately, an unprecedented number of promising new therapeutic 
approaches to heart failure have been developed over the past few years. 

The demonstration that p-blockers can slow disease progression has 
highlighted the importance of this goal of therapy. As discussed in Chapter 5, the 
progressive nature of mycKardial dysfunction is primarily due to the prtxress of 
v^entricular remodeling. Remodeling is the result of a composite of molecular and 
cellular events, including myocyte hypertrophy and apoptosis, alteration in 
calcium handling proteins, and changes in the extracellular matrix, which taken 
together adversely affect cardiac structure and function. It is increasingly 
apparent that agents that alleviate myocardial wall stress or block the actions of 
angiotensin or norepinephrine (eg, ACE inhibitors and p-blockers) can slow the 
progression of mytxrardial dysfunction. It now appears likely that other neuro- 
hormones and biologic mediators contribute to myocardial and vascular 
remodeling, including endothelin, arginine vasopressin, and reactive oxygen 
species. This appreciation has led to the development of novel agents and 
strategies that are now being subjected to clinical testing. Other biologic 
therapies for myocardial rescue that are undergoing preclinical and early clinical 
investigation include matrix metalloproteinase inhibition, gene therapy, and 
transplantation of myoblasts or stem cells. Finally, new pharmacologic 
approaches to inotropic support, cardiac resynchronization, and treatment of 
comorbidities such as anemia, sleep apnea, and pulmonary hypertension show 
promise in patients with advanced heart failure. 
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Figure 13-1. The relationship between plasma endothelin (ET) 
levels and the severity of heart failure. ET is a potent vaso- 
constrictor peptide that can exert long-term effects on myocardial 
growth and phenotype. Plasma ET levels are elevated in patients 
with chronic heart failure and correlate with symptoms and 
hemodynamic compromise. Tsutamoto et al. [1] measured plasma 
ET-1 levels in patients with New York Heart Association (NYHA) 
functional class II {n = 33) and III or IV (// = 29) heart failure and 20 
age-matched controls. Plasma ET-1 levels were increased in 
relation to disease severity {asterisks indicate P < 0.01 by ANOVA). 
Eurthermore, in the 62 heart failure patients, ET-1 spillover in the 
lungs correlated with resting pulmonary vascular resistance 
(r=0.82, P < 0.001). These data suggest that the pulmonary vascular 
bed is an important source of ET-1, which appears to be a key 
mediator of secondary pulmonary hypertension. {Adapted from 
Tsutamoto et at. [1].) 




Figure 13-2. Endothelin (ET) and prognosis in heart failure. 
Because plasma ET levels correlate with disease severity, the 
degree of activation of the endothelin system may provide 
independent prognostic information. In 226 heart failure patients, 
Kaplan-Meier analysis showed that the event-free survival, 
defined as freedom from death or need for urgent heart transplant, 
was significantly lower in patients with big ET-1 (big ET) levels 
greater than or equal to 4.3 fmol/ mL. By multivariate analysis, 
plasma big ET levels. New York Heart Association functional class, 
and exercise capacity provided independent prognostic 
information. These data have raised the possibility that ET plays 
a pathophysiologic role in progression of myocardial failure. 
Additional support for this thesis has come from studies in animal 
models of heart failure in which beneficial long-term effects of ET 
receptor blockade were demonstrated [2]. Despite a strong patho- 
physiologic rationale and encouraging short-term clinical data, 
chronic ET receptor blockade has not been shown to reduce 
morbidity or mortality in patients with chronic heart failure. 
{Adapted from Hulsmann et at. [3].) 
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Figure 13-3. Acute hemodynamic effects 
of nonselective endothelin (ET) receptor 
blockade. Despite the disappointing results 
of chronic ET receptor blocker studies, 
clinical investigators remain interested in 
the role of these agents in acute decom- 
pensated heart failure. Torre- Amione 
et al [4] randomly assigned 292 patients 
admitted to the hospital with acute heart 
failure who were in need of intravenous 
therapy to receive a 24-hour infusion of 
the dual ET^/ET^ receptor antagonist 
tezosentan (50 or 100 mg/h) or placebo. 
Inclusion criteria included a pulmonary 
capillary wedge pressure (PCWP) >15 mm 
Hg and a cardiac index < 2.5 L/ min/ m^. 
Cardiac index increased by 0.4 L/ min/ m- 
in both tezosentan groups, but did not 
change with placebo. 

{Continued on next page) 
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Figure 13-3. Continued Shown are the 
changes from baseline to 6 hours in PCWP, 
mean pulmonary artery pressure (PAP), and 
mean right atrial pressure (RAP), in A and 
pulmonary vascular resistance (PVR) and 
systemic vascular resistance (SVR) in B. Solid 
lines indicate tezosentan (T); dashed lines 
indicate placebo. Confidence limits (CL) not 
crossing zero represent a significant change 
from baseline at P < 0.05. In addition to 
improving hemodynamics, tezosentan 
tended to improve dyspnea and decrease 
the risk of clinical worsening after 24 hours 
of treatment. The effect of tezosentan on 
death or worsening heart failure is currently 
being tested in a large phase III clinical trial. 
{Adapted from Torre- Amione et al [4].) 
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Figure 13-4. Arginine vasopressin (AVP) and heart failure. In 
patients with chronic heart failure (CHF), a decrease in effective 
circulating volume causes the nonosmotic release of AVP by the 
posterior pituitary gland. Other mediators of AVP secretion in heart 
failure include angiotensin II, adrenergic stimulation, and thirst. 
AVP may contribute to disease progression in heart failure by 
binding to both vascular (V^) and renal (V 2 ) receptors that mediate 
vasoconstriction and free water retention, respectively. A, Proposed 
mechanisms by which high-output or low-output heart failure 
leads to neurohormonal activation and renal sodium and water 
retention. B, Plasma AVP levels in normal subjects (N) and patients 



with hypertension (H) or CHF. Patients with hypertension 
demonstrate a small increase in the range and mean AVP levels 
compared with normal subjects. Patients with heart failure 
demonstrate a striking range of AVP levels, from very high to 
barely detectable. Neurohormonal data from the Studies of Left 
Ventricular Dysfunction (SOLVD) demonstrated that plasma AVP 
levels are also increased in patients with asymptomatic left 
ventricular dysfunction, although to a lesser degree than patients 
with symptomatic heart failure, and decrease with angiotensin- 
converting enzyme inhibitor therapy [6]. (A adapted from Schrier 
and Abraham [5]; B adapted from Preibisz et al. [7].) 
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Figure 13-5. Combined Vj^/ V 2 receptor antagonism in heart 
failure. Vasopressin receptor antagonists are a novel class of 
cardiovascular agents that are being developed to attenuate 
disease progression and improve survival in heart failure [8]. 
The safety and acute hemodynamic effects of conivaptan, a 
combined ^ \J ^2 receptor antagonist, were studied in 142 
patients with New York Heart Association functional class 111 or 
IV heart failure who had a pulmonary capillary wedge pressure 
(PCWP) > 16 mm Hg and cardiac index (Cl) < 2.8 L/ min/m^. 
Patients were randomly assigned in a double-blind fashion to 
receive one of three doses of conivaptan (10 mg, 20 mg, or 



40 mg) or placebo given as an intravenous bolus, and hemo- 
dynamics were measured for 12 hours. Mean baseline PCWP 
and Cl were 24 mm Hg and 2.1 L/ min/ m“, respectively. 

A, Between 3 to 6 hours postinfusion, conivaptan reduced PCWP 
and right atrial pressure (RAP) {asterisks indicate P < 0.05 vs 
placebo; double asterisk indicates P < 0.005 vs placebo) without a 
change in systolic blood pressure or heart rate, and was well 
tolerated. B, Compared to placebo (open cireles), conivaptan 
(10 mg [closed circles]; 20 mg [open squares]; 40 mg [closed squares]) 
caused a dose-dependent increase in urine output 
(P < 0.001). {Adapted from Udelson et al. [9].) 




Figure 13-6. Selective V 2 receptor antagonism in heart failure. 
Selective V 2 receptor antagonists cause free water diuresis (also 
termed aquaresis) and may reduce left ventricular wall stress, 
prevent myocardial fibrosis, and improve ventricular compliance. 
In this multicenter, double-blind study, 254 patients with chronic 
heart failure and evidence of volume overload were randomly 
assigned to receive either placebo or one of three doses of 
tolvaptan, an oral nonpeptide V 2 receptor antagonist, once daily 
for 25 days [10]. A, Change in body weight. Mean decreases from 
baseline in body weight were observed on day 1 of tolvaptan 
treatment at all doses (30 mg [closed circles]; 45 mg [open squares]; 




60 mg [closed squares]) and maintained throughout the study. 

These changes were significantly different from placebo 
{open circles) at all time points (P < 0.001). During the first day 
of treatment, urine volumes were greater in tolvaptan-treated 
patients (3909, 4232, and 4597 mL for the 30-, 45-, and 60-mg 
dose groups, respectively) than in the placebo group (2328 mL; 

P < 0.05). B, Change in serum sodium. Patients treated with 
tolvaptan had small mean increases (< 4 mEq/L) from baseline in 
serum sodium concentrations, whereas small mean decreases 
(< 1 mEq/L) were seen with placebo. 

{^Continued on next page) 
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Figure 13-6. Continued C, Changes in serum sodium concen- 
tration in hyponatremic patients. Seventy patients (28% of total) 
had a serum sodium concentration of less than 136 mEq/L at 
baseline. In this subgroup, normalization of serum sodium con- 
centrations was observed at day 1 in 80% of the tolvaptan-treated 
and 40% of the placebo-treated patients (P < 0.05). Tolvaptan has 
also been shown to reduce body weight and dyspnea, and correct 
hyponatremia in patients hospitalized with heart failure [11]. 
Adverse events associated with tolvaptan include thirst and dry 
mouth. {Adapted from Gheorghiade et al. [10].) 



Inotropic Agents 




Figure 13-7. Calcium-sensitizing agents. A limitation of most 
positive inotropic agents is that they act by increasing intracellular 
calcium in the myocyte and may thus increase heart rate (HR) and 
arrhythmias. Calcium-sensitizing agents act by directly increasing the 
sensitivity of the myofilament to calcium so that greater contractile 
force develops without an increase in calcium level. Levosimendan 
(LS) is a pyridazinone-dinitrile derivative that enhances calcium 
sensitivity of myofilaments via calcium-dependent binding to 
troponin C [12]. Other pharmacologic actions include mild phospho- 
diesterase inhibition and activation of adenosine 
triphosphate-dependent potassium channels. 

A, LS and the short-term treatment of acute decompensated heart 
failure. The acute hemodynamic effects of intravenous LS were 
studied in 146 patients with New York Heart Association functional 
class III or IV heart failure in a multicenter, double-blind, placebo- 
controUed trial. At baseline, the mean left ventricular ejection fraction 
was 21%, the cardiac index was 1.9 L/min/ m^, and the mean 
pulmonary capillary wedge pressure (PCWP) was 27 mm Hg. Shown 
is the percent change from baseline at 6 hours for HR, mean arterial 
pressure (MAP), mean PCWP, and stroke volume (SV) for placebo 



and levosimendan. The increase in stroke volume resulted in a 39% 
increase in cardiac index (data not shown). LS also reduced systemic 
and pulmonary vascular resistance. This salutary hemodynamic 
profile suggests that LS may be of value in the short-term treatment of 
patients with decompensated heart failure. 

B, Sustained hemodynamic effects of LS. At the end of 6 hours, the 
LS-treated patients were continued on open-label drug for a total of 
24 hours, at which time they were randomly assigned to receive an 
additional 24 hours of LS or placebo. As shown, pulmonary artery 
wedge pressure (PAWP) decreased significantly between 6 and 24 
hours {closed circles; P < 0.001). The hemodynamic effects observed at 
24 hours were maintained at 48 hours in both the LS continuation 
{closed squares) and withdrawal {open squares) groups and did not differ 
between groups. The active metabolite of LS (OR-1896) increased for 
at least 24 hours after cessation of drug infusion and may have 
accounted for the prolonged hemodynamic effects. {Asterisk indicates 
LS vs placebo at 6 hours; dagger indicates LS at 6 vs 24 hours; double 
dagger indicates LS continuation vs withdrawal at 24 hours; ^symbol 
indicates LS continuation vs withdrawal at 48 hours.) (A adapted 
from Slawsky et al. [13]; B adapted from Kivikko et al [14].) 
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Figure 13-8. Comparison of levosimendan and dobutamine in acute decompensated 
heart failure. The Levosimendan Infusion versus Dobutamine (LIDO) study enrolled 
203 patients with low-output heart failure who were believed to require hemodynamic 



monitoring and treatment with an intra- 
venous positive inotropic agent. Patients 
were randomly assigned to receive levo- 
simendan (24 pg/kg loading dose infused 
over 10 minutes, followed by a continuous 
infusion of 0.1 pg/kg/ min for 24 hours) 
or dobutamine (5 pg/kg/ min without a 
loading dose). The infusion rate was 
doubled if the response was inadequate at 
2 hours. The primary hemodynamic end- 
point (increase in cardiac output > 30To and 
decrease in pulmonary capillary wedge 
pressure > 25%) was achieved in 28% of the 
levosimendan-treated and 15% of the 
dobutamine-treated patients (hazard ratio 
1.9; 95% Cl, 1.1-3.3; P = 0.22). Shown are the 
Kaplan-Meier estimates of risk of death 
during the first 180 days after random- 
ization. There were 27 deaths (26%) in the 
levosimendan group and 38 (38%) in the 
dobutamine group (hazard ratio, 0.57; 95% 
Cl, 0.34-0.95; P = 0.29). A large phase III 
study (REVIVE) is currently testing the 
effects of a short-term Infusion of levo- 
simendan on clinical outcomes in patients 
with decompensated heart failure. {Adapted 
from Eollath et ai [15].) 
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Figure 13-9. Low-dose phosphodiesterase inhibition in chronic 
heart failure. Enoximone is an oral positive inotropic agent 
intended for the treatment of patients with advanced heart failure. 
Enoximone, which inhibits a high-affinity cyclic adenosine- 
monophosphate phosphodiesterase (PDE III), exerts both positive 



inotropic and vasodilator effects in patients with heart failure. As 
has been demonstrated with other oral positive inotropic agents 
{eg, milrinone, vesnarinone), enoximone, when administered at 
higher doses (> 100 mg three times daily) to patients with stable 
chronic heart failure, is associated with proarrhythmia and excess 
mortality [16]. However, low-dose enoximone (25 to 50 mg three 
times daily) given to patients with advanced heart failure appears 
to be well tolerated, allows weaning from intravenous inotropic 
agents, and may be used to bridge patients to cardiac trans- 
plantation or through the initiation of ^-blocker therapy. To 
determine the effects of low-dose enoximone on exercise capacity 
and adverse events, 105 patients with New York Heart Association 
functional class II or III heart failure were randomly assigned to 
placebo {open diamonds) or enoximone at 25 mg {closed triangles) or 
50 mg {closed squares) three times daily for 12 weeks. Shown are the 
changes from baseline in exercise duration in the three treatment 
groups {asterisks indicate P < 0.05 vs placebo; daggers indicate 
P < 0.05 time-response vs placebo; double dagger indicates P = 0.019 
dose-time response). Enoximone improved exercise capacity and 
was not associated with an increase in ventricular arrhythmias or 
death. A phase III study (ESSENTIAL) is currently testing the 
safety and efficacy of low-dose enoximone in approximately 
900 patients with advanced chronic heart failure. {Adapted from 
Lowes et al. [17].) 
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Figure 13-10. Combined oral positive inotropic and p-blocker therapy in refractory 
heart failure. Patients with refractory heart failure have a high 1-year mortality rate, 
and generally do not tolerate p-blocker therapy. Positive inotropic agents may be used 
acutely to treat severe decompensated heart failure, but prolonged oral use is associated 
with excess mortality. Combined therapy with an oral positive inotrope and a p-blocker has 
the theoretical advantage of attenuating the adverse effects of the positive inotrope while 



allowing titration of the p-blocker. Twenty- 
three patients with severe heart failure (left 
ventricular ejection fraction [LVEF] 17 ± 1%; 
cardiac index 1.6 ± 0.1 L/ min/ m^; 60% 
inotrope-dependent) were treated with oral 
enoximone and metoprolol for a mean of 9 
months. During combined therapy, LVEF 
increased from 18% to 28%, and this was 
associated with a decrease in heart rate 
(HR), improvement in New York Heart 
Association (NYHA) class, and a trend 
toward decreased hospitalizations. Over the 
long-term, 48% of patients were weaned off 
enoximone and 30% underwent successful 
heart transplantation. These data suggest 
that combined oral inotropic and |3-blocker 
therapy may play a role in palliation or as a 
bridge to transplantation in patients with 
end-stage heart failure, bpm — ^beats per 
minute {Adapted from Shakar et al. [18].) 



Cardiac Resynchronization Therapy 





Figure 13-11. Acute biventricular pacing in patients with dilated cardiomyopathy and 
intraventricular conduction delay (I VCD). IVCD is common in patients with chronic heart 
failure, with a prevalence of 30% to 50%. The resulting impairment in the coordination of 
ventricular contraction and relaxation contributes to hemodynamic compromise and is 
associated with increased mortality. Simultaneous pacing from the right ventricular (RV) 
apex and left ventricular (LV) free wall (accessed percutaneously via the coronary sinus) is 
a novel means to "resynchronize" ventricular contraction. Acute biventricular pacing 



studies in patients with chronic heart 
failure and IVCD have demonstrated 
improved contractile function without 
an increase in myocardial oxygen con- 
sumption. In this study, patients with 
dilated cardiomyopathy (mean left 
ventricular ejection fraction [LVEF], 19%) 
and IVCD (mean QRS, 157 msec) under- 
went acute pacing from the RV apex or 
combined RV apex and LV free wall. This 
figure displays pressure-volume loops from 
a patient with left bundle branch block 
during normal sinus rhythm {solid lines) 
and VDD pacing {dashed lines). A, RV apical 
pacing had a negligible effect on cardiac 
performance. B, Biventricular pacing 
(Bivent) produced loops with greater area 
(stroke work) and width (stroke volume) 
and increased LV dP/ dt^^^ by 13%. 

{Adapted from Kass et al [19].) 
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Figure 13-12. Chronic biventricular pacing in heart failure. The 
Multisite Stimulation in Cardiomyopathies (MUSTIC) Study 
enrolled 67 patients with New York Heart Association functional 
class III heart failure, an ejection fraction less than 35%, and a 
QRS duration of greater than 150 ms into a single-blind, random- 
ized crossover study of biventricular pacing. Exercise capacity 
was measured by the distance walked in 6 minutes and quality 
of life was assessed by a questionnaire during two periods: 
a 3-month period of inactive pacing (ventricular inhibited pacing 
at a back-up rate of 40 beats per minute) and a 3-month period of 




active (atriobiventricular) pacing. Implantation of a left 
ventricular lead was successful in 92% of patients, and 48 of 67 
patients completed both phases of the study. During active 
pacing, the mean distance walked in 6 minutes (A) was 23% 
longer (P < 0.001) and the quality-of-life score (B) decreased by a 
mean of 32% (P < 0.001). The figures show the mean (± SD) 
values for each phase of the study in patients randomly assigned 
to active-inactive and inactive-active groups. COl — end of 
crossover period 1; C02 — end of crossover period 2. {Adapted 
from Cazeau et al. [20].) 
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Figure 13-13. Cardiac resynchronization therapy (CRT) in chronic 
heart failure. The Multicenter InSync Randomized Clinical 
Evaluation (MIRACLE) trial [21] randomly assigned 453 patients 
with predominantly New York Heart Association (NYHA) functional 
class III heart failure and intraventricular conduction delay to a CRT 
group or control group for 6 months. At baseline the mean left 
ventricular ejection fraction (LVEE) was 22% ± 6%, the mean left 
ventricular end-diastolic diameter (LVEDD) was 
70 mm ± 9 mm, and the mean QRS duration was 165 ms ± 19 ms. 

A, Biventricular pacing improved functional status and exercise 
capacity and had favorable effects on cardiac structure and function 
by promoting reverse ventricular remodeling (see also Eig. 13-14). In 
addihon, fewer patients in the CRT group required hospitalization 
for the treatment of heart failure. B, Kaplan-Meier estimates of the 
time to death or hospitalization for worsening heart failure in the 
control (dashed line) and CRT (solid line) groups demonstrated a 40To 
reduction in the risk of a major clinical event in the CRT group (95% 
Cl, 4%-63%; P = 0.03). These data were instrumental in the decision 
by the US Pood and Drug Administration to approve biventricular 
pacing as adjunctive therapy for patients with symptomatic heart 
failure. (Adapted from Abraham et al. [21].) 
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Figure 13-14. Effect of cardiac resynchronization therapy (CRT) 
on left ventricular remodeling. Doppler echocardiograms were 
obtained at baseline and at 3 and 6 months after randomization in 
323 patients enrolled in the MIRACLE trial. Shown is the median 
change (with 95% CIs) in left ventricular (LV) end-diastolic volume 
(LVEDV, A), end-systolic volume (LVESV, B), ejection fraction 
(LVEF, C), and mitral regurgitation (MR, D) in the control group 
{open circles) and the CRT group {closed circles). At 6 months, CRT 



was associated with reduced LV volumes, reduced LV mass 
(data not shown), increased LVEF, and reduced MR compared 
with control. Improvements with CRT were not influenced by 
^-blocker use, but were greater in patients with nonischemic versus 
ischemic heart failure. These data suggest that reverse ventricular 
remodeling likely contributes to the beneficial effects of CRT on 
clinical status and disease progression in heart failure. {Adapted from 
St. John Sutton et al. [22].) 
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Novel Biologic Therapies for Myocardial Recovery 




Figure 13-15. Oxidant stress and progression to heart failure. 
Reduced myocardial antioxidant activity and increased oxidant 
damage have been demonstrated in animal models of heart failure, 
and markers of oxidative stress are increased in patients with 
chronic heart failure, leading to the thesis that reactive oxygen 
species may contribute to the progression of myocardial dys- 
function in patients. A specific technique for assessing oxidant 
stress in vivo involves measuring stable end products of lipid 
peroxidation, called F^-isoprostanes [23]. The 8-iso-prostaglandin 
(8-iso-PGF^.^) levels were measured in the pericardial fluid 
of 51 consecutive patients with ischemic or valvular heart disease 
referred for cardiac surgery. Pericardial levels of 8-iso-PGF^,^ 
increased with the severity of heart failure. In a subgroup of 
patients who underwent preoperative echocardiography, peri- 
cardial fluid levels of 8-iso-PGF^.^ correlated with left ventricular 
end-diastolic dimension. NYFfA — New York Heart Association 
{Adapted from Mallat et al [24].) 



important target for therapy. XO is a source 
of superoxide, and results in increased 
serum levels of UA. Other contributors to 
hyperuricemia include activation of pro- 
inflammatory cytokines, impaired vascular 
function, and renal insufficiency. Anker 
et al [25] tested the hypothesis that serum 
UA carries independent prognostic infor- 
mation in chronic heart failure {n = 182; 
mean age, 63 ± 12 years; ejection fraction, 
32% ± 15%; peak oxygen consumption, 

16.8 ± 5.6 mL/kg/min; New York Heart 
Association class, 2.7 ± 0.9). Mean UA 
levels were 466 ± 155 ixmol/L (range, 
106-1251 pmol/L). During a mean follow- 
up period of 41 months, there were 
59 deaths (1-year mortality, 15%). The 
Kaplan-Meier survival plot demonstrates a 
strong relationship between elevated UA 
levels (> 565 lamol/L) and increased 
mortality (relative risk, 7.14; 95% Cl, 
4.20-12.15; P < 0.0001). In a multivariate 
Cox model, only UA, ejection fraction, and 
Figure 13-16. Uric acid (UA) and survival in heart failure. Xanthine oxidase (XO) is peak oxygen consumption predicted 

among the potential sources of reactive oxygen species in heart failure, and may be an survival. {Adapted from Anker et al. [25].) 
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Figure 13-18. Chronic xanthine oxidase (XO) inhibition in heart 
failure. Impaired endothelium-dependent relaxation contributes to 
symptoms and exercise intolerance in heart failure (see Chapter 6). 
An important mechanism underlying endothelial dysfunction is 
increased oxidative stress, due in part to vascular XO activity. 
Farquharson et al [27] tested the hypothesis that chronic XO 
inhibition would improve endothelial function in heart failure. 
Eleven patients with mild-to-moderate heart failure (mean age, 68 
± 6 years; left ventricular ejection fraction, 30% ± 5%) were 
randomly assigned in a double-blind, crossover study to receive 
allopurinol 300 mg once daily or placebo for 1 month. All patients 
were receiving angiotensin-converting enzyme inhibitors and 
diuretics, and none were taking cholesterol-lowering agents or 
antioxidant vitamins. Shown are the percent changes (mean ± 



Figure 13-17. Acute xanthine oxidase (XO) inhibition in heart 
failure. Heart failure is characterized by an imbalance between left 
ventricular (LV) performance and myocardial energy consumption. 
Experimental models suggest that oxidant stress resulting from XO 
activation contributes to mechanoenergetic uncoupling, and that XO 
inhibition with allopurinol may improve LV efficiency. Nine patients 
with idiopathic dilated cardiomyopathy (ejection fraction, 29 ± 3%) 
were instrumented to assess myocardial oxygen consumption 
(MVO 2 ), contractility (dP/dt^^^^ and E^J, stroke work (SW), and 
efficiency (SW/MVO 2 ) before and after intracoronary allopurinol. 

As shown, allopurinol caused a significant decrease in MVO 2 (-16 ± 
5%, P < 0.01) without a parallel decrease in dP/dt^^^, E^^, or SW. The 
net result was a significant increase in myocardial efficiency (peak 
effect: SW/MVO 2 40% ± 7%, P < 0.05). The improvement in 
energetics was due mainly to a decrease m coronary blood flow 
(Qcor) with minimal change in myocardial oxygen extraction (AVO 2 ). 
(Adapted from Cappola et al. [26].) 




SEM) in forearm blood flow (FBF) with increasing doses of 
acetylcholine (A) and sodium nitroprusside (B) in placebo 
(closed squares) and allopurinol (open squares) treatment arms. 
Allopurinol significantly increased the FBF response to acetyl- 
choline, but had no effect on the response to sodium nitroprusside 
(asterisks indicate P < 0.05; dagger indicates P < 0.01). In addition, 
plasma malondialdehyde, a marker of oxidative stress, was 
significantly reduced with allopurinol (P = 0.03). These data 
suggest that XO inhibition reduces oxidant stress and improves 
endothelial dysfunction in chronic heart failure. The effect of 
chronic XO inhibition on exercise capacity and cardiovascular 
outcomes is currently being tested in the Oxypurinol Therapy 
for Heart Failure (OPT-CHF) trial. NS — not significant (Adapted 
from Farquharson et al. [27].) 
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Figure 13-19. {See Color Plate) Role of matrix metalloproteinases 
(MMPs) in heart failure. The MMPs are a family of zinc-dependent 
enzymes that contribute to ventricular remodeling in heart failure 
by promoting collagen synthesis and degradation. The activity of 
MMPs may be increased in failing human myocardium by the local 
action of neurohormones and proinflammatory cytokines, or by the 
downregulation of tissue inhibitors of metalloproteinases (TIMPs). 
Upregulation of MMPs and downregulation of TIMPs have been 
demonstrated in ventricular myocardium from patients with severe 
dilated cardiomyopathy of ischemic or idiopathic etiology. Peterson 
et al [28] tested the hypothesis that MMP ir^ibition would 
influence left ventricular (LV) remodeling during the development 
of heart failure in the spontaneously hypertensive heart failure 
(SHHF) rat. A, Shown are ex vivo LV pressure volume curves 
generated in five groups of rats: SHHF rats at 9 months (SHHF-9), 
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SHHF rats at 13 months (SHHF-13), SHHF rats treated with an 
MMP inhibitor (PDl 66793) during months 9 to 13 (SHHF-793), and 
normotensive Wistar-Furth (WF) rats at 9 months (WF-9) and 13 
months (WF-13). LV chamber size remained constant in both 
groups of normotensive WF rats. Significant chamber dilation was 
present in SHHF-9 rats compared with normotensive controls. 
Treatment with PDl 66793 reduced progressive chamber dilation at 
13 months. B, Representative LV cross-sections taken at the level of 
the papillary muscles and prepared with a Masson's trichrome 
stain. LV circumference is increased in the SHHF-9 rat and 
increased further in the SHHF-13 rat compared with the WF-9 and 
WF-13 normotensive controls. Treatment with PDl 66793 reduced 
LV chamber dilation at 13 months. These data suggest that MMP 
inhibition can attenuate disease progression in heart failure. 
{Adapted from Peterson et al [28].) 




Figure 13-20. {See Color Plate) Selective matrix metalloproteinase 
(MMP) inhibition during the development of heart failure. Orally 
active nonselective MMP inhibitors attenuate left ventricular (LV) 
remodeling in animal models of heart failure {see Fig. 13-19). 
However, long-term inhibition of all MMP species may interfere 



with normal tissue remodeling and cause adverse systemic effects 
[29]. This study examined the effects of selective MMP inhibition 
(sparing interstitial collagenase-1) in a pacing model of heart 
failure. Pigs were randomly assigned to three groups: 1) rapid 
pacing for 3 weeks at 240 beats per minute, 2) selective MMP 
inhibition (PGE7113313 20 mg/kg/d) and rapid pacing, and 
3) controls. Selective MMP inhibition (MMPi) attenuated the 
increases in LV dimensions and wall stress, and the decrease m 
LV fractional shortening induced by pacing (data not shown). I 
n addition, abnormalities of systolic and diastolic function were 
improved with selective MMP inhibition. Shown are representative 
picro-Sirius-stained LV myocardial sections. In the pacing-only 
group {top), the fibrillar collagen weave surrounding individual 
myocytes appeared reduced and disrupted. In the pacing plus 
MMPi group, the fibrillar collagen weave appeared increased. 

Using scanning electron microscopy {middle), a fine fibrillar collagen 
weave was seen evenly surrounding individual myocytes in control 
myocardium. With pacing, disruption of collagen fibrils between 
adjacent myocytes was observed. In the pacing plus MMPi group, 
the fibrillar collagen weave appeared increased and thickened. 
Maceration digestion {bottom) demonstrated a highly structured 
fibrillar weave with clear profiles of individual myocytes in both 
the control and pacing plus MMPi groups in marked contrast to the 
disorganized, collapsed fibrillar matrix in the pacing-only group. 
{Adapted from King et al [30].) 
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Figure 13-21. Gene therapy for heart failure. With increased under- 
standing of the molecular pathogenesis of heart failure and improved 
techniques for cardiac gene delivery, investigators have begun to 
explore the potential of gene therapy to rescue failing myocardium. 
Abnormal calcium handling in failing hearts, which results in impaired 
contraction and relaxation, is in part due to decreased activity of 
sarcoplasmic reticulum Ca^"^ ATPase (SERCA2a). To test whether 
increasing SERC A2a expression would improve ventricular function 
during the transition to heart failure, Miyamoto et al. [31] over- 
expressed cardiac SERCA2a in aortic-banded rats by using a catheter- 
based, adenoviral gene transfer technique. After 4 months of banding, 
rats were randomly assigned to receive an adenovirus carrying the 
SERCA2a gene (Ad.SERCA2a) or p-galactosidase (Ad.p-gal) as a 
control, and were compared with sham-operated controls. A, Bar 
graph shows the protein levels of SERC A2a from sham rats infected 
with Ad.pgal {n = 7) or Ad.SERCA2a (n = 8), and from rats with heart 
failure infected with Ad.Pgal (n = 8) or Ad.SERCA2a {n = 9). The 



10,000 -r 




BL +50 +100 +150 



B Fracing rale, hpm 



protein expression of SERCA2a was significantly decreased in failing 
rat hearts compared with sham-operated controls. Adenoviral gene 
transfer of SERC A2a in failing hearts restored SERC A2a levels to that 
of nonf ailin g controls. {Asterisks indicate P < 0.05 vs Sham + Ad.Pgal; 
daggers indicate P < 0.05 vs failing + Ad.jBgal; double dagger indicates 
P < 0.05 vs Sham + Ad.SERCA2a.) B, Correction of the force-frequency 
relationship with adenoviral gene transfer of SERCA2a. Seven days 
after gene transfer, rats underwent hemodynamic studies with a high- 
fidelity micromanometer catheter in the left ventricle (LV) to measure 
the maximal rate of pressure rise (+dP/ dt) and an epicardial pacing 
lead on an atrial appendage to increase heart rate above baseline. 

LV +dP/dt decreased with higher heart rates in the failing hearts 
infected with Ad.pgal {closed triangles) consistent with a negative force- 
frequency relationship. Overexpression of SERCA2a in the failing 
hearts {open triangles) restored the force-frequency response to values 
near sham-operated controls {closed circles), bpm — ^beats per minute. 
{Adapted from Miyamoto et al. [31].) 
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Figure 13-22. Gene therapy in heart failure. Inflammation may 
play an important pathophysiologic role in the progression of 
myocardial failure by causing myocyte death and interstitial 
fibrosis. Monocyte chemoattractant protein (MCP)-l is increased in 
experimental and clinical heart failure, and has been shown to 
promote the induction of other inflammatory cytokines and matrix 
metalloproteinases. Hayashidani et al. [32] tested the hypothesis 
that anti-MCP-1 gene therapy would attenuate left ventricular 
remodeling in a mouse model of heart failure. To block MCP-1 
signals in vivo, an N-terminal deletion mutant of the human 
MCP-1 gene (7ND) was transfected into the limb skeletal muscle 
of mice 3 days before and 14 days after ligation of the left coronary 
artery. MCP-1 mRNA levels were markedly increased in non- 



infarcted myocardium 1 day post-myocardial infarction (Ml) and 
remained elevated at 28 days. A, Kaplan-Meier curves demon- 
strate increased survival in Ml mice transfected with 7ND {solid 
line) compared with Ml {dashed line) (87% vs 61% at 28 days; 
hazard ratio, 0.29; P < 0.05). All sham-operated mice survived 
during follow-up (not shown). B, Serial echocardiograms 
demonstrated that 7ND transfection significantly attenuated 
progressive LV dilation and dysfunction post-Ml. Shown are 
representative M-mode images obtained from sham-operated. 
Ml, and TND-transfected Ml mice 28 days after operation. 

These data suggest that anti-MCP-1 gene therapy may be a 
useful strategy for preventing post-Ml remodeling and heart 
failure. {Adapted from Hayashidani et al. [32].) 
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Figure 13-23. (See Color Plate) Selective cell therapy to attenuate 
ventricular remodeling after myocardial infarction. Cardiomyocyte 
loss after myocardial infarction is believed to be irreversible, and 
the degree of left ventricular dysfunction is an independent 
predictor of mortality. Recently, cell therapy with skeletal myoblasts 



or stem cells has been suggested as a novel treatment for ischemic 
cardiomyopathy. When implanted into myocardium, myoblasts 
and stem cells may retain the ability to proliferate and differentiate 
into myotubes with the capability of forming functional muscle 
fibers. Jain el al. [33] injected syngeneic skeletal myoblasts directly 
into the infarct region of rats 1 week after experimental myocardial 
infarction. Twelve weeks after implantation, myoblast survival is 
demonstrated in infarcted left ventricular free wall with trichrome 
staining (A), and immunohistochemical staining for myogenin (B), 
or skeletal-specific myosin heavy chain (C). Maximum exercise 
capacity, as assessed by the distance run on a rodent treadmill until 
exhaustion, was used as a measure of in vivo ventricular function 
and overall cardiac performance (D). Exercise capacity was 
measured before cell implantation, and at 3 and 6 weeks postim- 
plantation in three groups of animals (noninfarcted control rats, 
infarcted rats without cell therapy [MI], and infarcted rats receiving 
myoblast cell therapy [MI + cell]). Both MI and MI + cell animals 
demonstrated a comparable reduction (~ 10%) in exercise capacity 
at baseline compared with controls. Control animals maintained a 
stable exercise capacity over time, whereas MI animals demon- 
strated a progressive decrease in exercise capacity. Cell therapy 
prevented the continued decline in exercise capacity, suggesting a 
protective effect on cardiac function. (Asterisk indicates P < 0.05 vs 
0 weeks; double asterisk indicates P < 0.05 vs MI.) (Adapited from 
Jain et al [33].) 
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Figure 13-24. Percutaneous myocardial repair with autologous skeletal myoblasts. 
Preclinical studies demonstrate that skeletal myoblasts transplanted into damaged 
myocardium are capable of cellular engraftment and augmentation of ventricular 
function {see Fig. 13-23). Although initial clinical data suggest the feasibility of myoblast 
transplantation by direct intraoperative injection, this approach requires cardioplegic 
arrest, and appears to increase the risk of ventricular arrhythmias [34]. Smits et al. [35] 
performed a pilot safety and feasibility study of percutaneous transplantation of 



autologous skeletal myoblasts by trans- 
endocardial injection as a stand-alone 
procedure in five patients with ischemic 
heart failure (prior anterior myocardial 
infarction, left ventricular ejection fraction 
[LVEF] < 45%). After biopsy of the 
quadriceps muscle and a 17-day culturing 
process, 196 ± 105 million cells were trans- 
endocardially injected into the infarcted 
area using a NOGA-guided catheter 
system. LV function was assessed by 
nuclear radiography and MRI at baseline 
and 6 months. There were no peripro- 
cedural complications. During the 6-month 
follow-up period, one patient was admitted 
for decompensated heart failure and 
asymptomatic nonsustained ventricular 
tachycardia, and underwent prophylactic 
implantable cardioverter-defibrillator implant. 
At 6 months, nuclear assessment of LVEF 
tended to increase (38 ± 8% to 45 ± 11%; 
p = 0.07). Shown are changes in regional 
wall thickening for all 304 MRI segments. 
Compared with baseline {dark bars), less 
segments showed thinning and more 
segments showed thickening at 3 months 
{light bars). Paired analysis of the 87 
injected segments showed significantly 
increased wall thickening at follow-up 
(0.9 ± 2.3 mm at baseline vs 1.8 ± 2.3 mm 
at 3 months; P = 0.0008). {Adapted from 
Smits et al. [35].) 



Treatment of Comorbidities: Anemia, Sleep Apnea, 
AND Pulmonary Hypertension 




Figure 13-25. Anemia and heart failure. Anemia is common in 
heart failure [36] and may be caused by increased plasma volume 
(hemodilution) or decreased red cell mass (true anemia). Con- 
tributing factors include malnutrition with iron deficiency, bone 
marrow suppression from activation of proinflammatory cyto- 
kines, and chronic renal insufficiency. Anemia may contribute to 
ventricular remodeling and disease progression in heart failure by 
stimulating neurohormonal and cytokine activation, promoting 
left ventricular hypertrophy, and exacerbating ischemia. In this 
single center study, 1061 patients with advanced heart failure were 
evaluated for cardiac transplantation between 1993 and 1999. 

At initial presentation, mean hemoglobin was 13.6 ± 1.9 g/ dL. 
Lower hemoglobin levels were associated with worse symptoms, 
reduced exercise capacity, and impaired survival. One-year 
mortality rates in the entire cohort by deciles of hemoglobin level 
is shown. {Adapted from Horwich et al. [37].) 
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Figure 13-26. Effects of erythropoietin on exercise capacity in 
heart failure. Twenty-six patients with advanced heart failure 
(mean age, 55 ±7 years; ejection fraction, 24 ± 6%; peak oxygen 
consumption [VO^], 11 ± 0.6 ml/kg/min) with a hematocrit less 
than 35%, serum creatinine less than 2.5 mg/ dL, and erythro- 
poietin (EPO) level less than 100 mU/mL were randomly assigned 
in a 2:1 single-blind fashion to an EPO or control group for 
3 months. Patients randomly assigned to EPO received 5000 to 
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10,000 U subcutaneously three times a week, plus ferrous 
gluconate, 325 mg, and folate, 1 mg, daily. Patients in the control 
group received one subcutaneous injection of normal saline 
(0.5 mL). EPO was well tolerated by all patients, and improved 
quality of life. Hemoglobin increased from 11 ± 0.6 to 14.3 ±1.2 
g/dL(P < 0.0001) with EPO, and was unchanged in controls. 

A, There were significant increases in peak VO 2 (11 ± 0.8 to 12.7 ± 
2.8 ml/kg/min, P < 0.05) and exercise duration (not shown) in the 
EPO group, but no significant changes in controls. B, A significant 
correlation was observed between the change in plasma hemo- 
globin and the change in peak VO^ (R = 0.53; P < 0.02). The effects 
of erythropoietin on morbidity and mortality in heart failure await 
testing in a large, multicenter, randomized placebo-controlled trial. 
(Adapted from Mancini et al. [38].) 




Figure 13-27. Sleep apnea and heart failure. Sleep-related breathing disorders are associated 
with arterial desaturation and excessive arousals, and the resultant increase in sympathetic 
activation may contribute to disease progression m heart failure. To determine the prevalence, 
consequences, and presentations of sleep apnea in heart failure, Javaheri et al. [39] performed 
detailed clinical and echocardiographic evaluations and overnight polysomnograms on 
81 ambulatory men with heart failure and left ventricular ejection fraction (LVEF) less than 
45% who were stable on vasodilator and diuretic therapy. Forty-one patients (51%) had sleep 
apnea defined as an apnea-hypopnea Index of 15 or more per hour, of which 32 (40% of total) 



had central sleep apnea (CSA) and nine 
(11% of total) had obstructive sleep apnea 
(OS A). Compared with heart failure patients 
without sleep apnea, patients with sleep 
apnea had a higher prevalence of atrial 
fibrillation (22% vs 5%) and ventricular 
arrhythmias. Shown are demographics, 
historical data, and physical findings in 
patients with OSA (light bars) versus CSA 
(dark bars). There were no significant 
differences in height, age, LVEF, systolic 
blood pressure (SBP), excessive daytime 
sleepiness (EDS), or prevalence of ventricular 
arrhythmias between the two subgroups. 

The prevalence of loud snoring and the 
mean values for body mass index and 
diastolic blood pressure (DBF) were 
significantly higher in patients with OSA. 
Both types of sleep apnea resulted m marked 
sleep disruption and arterial desaturation 
with no significant differences in the hourly 
rate of apnea /hypopnea and frequency of 
arousals (not shown). Recent studies have 
also shown a high prevalence of sleep apnea 
in patients with asymptomatic LV 
dysfunction [40] suggesting the need for 
routine screening. BMI — ^body mass Index. 
(Adapted from Javaheri et al. [39].) 
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Figure 13-28. Cardiovascular effects of 
continuous positive airway pressure 
(CPAP) in patients with heart failure 
and obstructive sleep apnea (OS A). 
Randomized studies in patients without 
heart failure suggest that treating OSA with 
CPAP can reduce nocturnal bursts of 
sympathetic activity and lower daytime 
blood pressure. Kaneko et al [41] hypo- 
thesized that treatment of OSA in patients 
with heart failure would improve cardiac 
function. Twenty-four patients (pre- 
dominantly middle-aged, overweight men) 
with mild-to-moderate heart failure, left 
ventricular ejection fraction (LVEF) < 45%, 
and evidence of OSA during a clinical sleep 
study, were randomly assigned to receive 
medical therapy either alone (control 
group) or with the addition of CPAP for 
1 month. CPAP, administered at a mean 
of 8.9 cm of water for 6.2 hours per night, 
markedly reduced obstructive apneas and hypopneas, sleep 
arousals, arterial desaturations, daytime systolic blood pressure 
(from 126 ± 6 to 116 ± 5 mm Hg; P = 0.02) and heart rate (from 68 ± 
3 to 64 ± 3 beats per minute; P = 0.007). Shown are individual 
changes in LVEF (A) and mean changes in left ventricular end- 
diastolic and end-systolic dimensions (LVEDD and LVESD, 
respectively) (B) from baseline to 1 month as assessed by echocar- 
diography. In the control group, there were no significant changes 
in left ventricular size or function during the study. By contrast, 
CPAP reduced LVESD from 54.5 ± 1.8 to 51.7 ± 1.2 mm (P = 0.009) 
and improved LVEF from 25.0 ± 2.8 to 33.8 ± 2.4% (P < 0.001). 
These data suggest a role for targeted therapy of coexistent OSA in 
patients with chronic heart failure. NS — not significant. (Adapted 
from Kaneko et al. [41].) 
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Figure 13-29. Effects of continuous positive airway pressure 
(CPAP) in patients with heart failure and central sleep apnea. In 
preliminary studies, CPAP has been shown to improve cardiac 
function in patients with heart failure and coexisting Cheyne-Stokes 
respiration with central sleep apnea (CSR-CSA). Sin et al. [42] 
studied the effects of CPAP on left ventricular ejection fraction 
(LVEF) in a randomized controlled trial lasting 3 months in patients 
with (n = 29) and without {n = 37) CSR-CSA and then continued to 
observe patients for the combined endpoint of death or cardiac 
transplant over a median follow-up period of 2.2 years. A, Shown is 
the change in LVEF at 3 months compared with baseline in patients 
with heart failure who were randomly assigned to either CPAP 
{dark bars) or control {light bars) as stratified by the presence or 




absence of CSR-CSA. Patients with CSR-CSA randomly assigned 
to CPAP experienced a significant increase in LVEF compared with 
controls {P = 0.019). In contrast, in patients without CSR-CSA, 
neither the CPAP nor control group experienced an improvement in 
LVEF. B, Treatment analysis revealed that patients with CSR-CSA 
who complied with CPAP therapy experienced a significant 
reduction in the rate of death or cardiac transplant compared with 
the control group (relative risk reduction, 81%; 95% Cl, 26%-95%; 

P = 0.017). In patients without CSR-CSA, CPAP had no effect on 
transplant-free survival (not shown). The effect of CPAP on 
mortality in patients with heart failure and CSR-CSA is currently 
being tested in a large, multicenter Canadian trial (CANPAP). 
{Adapted from Sin et al [42].) 
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Figure 13-30. Secondary pulmonary hypertension in heart failure. Pulmonary vascular 
resistance (PVR) is frequently elevated in patients with chronic left ventricular failure as a result 
of dysregulation of vascular smooth muscle tone and structural remodeling [43]. These abnor- 
malities are in part due to pulmonary vascular endothelial dysfunction that results in Impaired 



nitric oxide (NO) availability aird decreased 
levels of cyclic guanosine-monophosphate 
(cGMP). Phosphodiesterase type-5 (PDE-5) 
inhibitors cause pulmonary vasodilation by 
promoting an enhanced and sustained level of 
cGMP Michelakis et al [44] hypothesized that 
sildenafil, a specific PDE-5 inhibitor, would be 
as effective as inhaled NO in decreasing PVR 
in patients with severe pulmonary hyper- 
tension. Hemodynamics were measured in 
patients with primary pulmonary hyper- 
tension {n = 9), pulmonary arterial hyper- 
tension {n = 2), or secondary pulmonary 
hypertension {n = 2) at baseline and at peak 
effects of inhaled NO (80 ppm), sildenafil 
(75 mg), and their combination. Shown is the 
percent change (mean ± SEM) in hemo- 
dynamic parameters. A, Sildenafil (S) was 
superior to inhaled NO (iNO) in reducing 
mean pulmonary artery pressure (mPAP) and 
as effective as the combination (S + NO). 

B, Sildenafil was as effective as iNO in 
decreasing pulmonary vascular resistance 
index (PVRi), and the combination had 
additive effects. C, Sildenafil increased cardiac 
index (Cl) whereas iNO did not. D, Sildenafil 
decreased, whereas iNO increased, pulmonary 
artery wedge pressure (PAWP). Although 
sildenafil has been shown to improve exercise 
tolerance and quality of life in patients with 
primary pulmonary hypertension [45], the 
long-term effect of sildenafil in patients with 
heart failure and secondary pulmonary hyper- 
tension remains to be tested. {Adapted from 
Michelakis et al. [44].) 
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Figure 13-31. Erectile dysfunction (ED) in heart failure and the role 
of phosphodiesterase type-5 inhibition. ED is common in heart 
failure, affecting up to two thirds of ambulatory patients. Sildenafil 
inhibits phosphodiesterase type-5 (PDE-5) in the corpora cavernosa 
and in vascular smooth muscle cells, resulting in cyclic guanosine 
monophosphate-mediated vasodilation. Despite concerns about 
the use of sildenafil in heart failure and the risk of sexual activity 
triggering acute decompensation, pilot studies suggest that 
sildenafil is safe and effective for the treatment of ED in heart failure 
and acutely improves exercise capacity [46]. In this randomized, 
double-blind, placebo-controlled trial, 132 men with ED and stable 
non-ischemic heart failure (left ventricular ejection fraction < 40%) 
were randomly assigned to sildenafil (50 mg, flexible 25 or 100 mg) 
or placebo for 12 weeks. Primary outcome measures were scores on 
the International Index of Erectile Function (IIEF). After 12 weeks, 
sildenafil patients had higher scores on questions 3 (frequency of 
penetration) and 4 (frequency of maintained erections after inter- 
course) compared with placebo patients (P < 0.01 for both). As 
shown, higher percentages of sildenafil patients (light bars) com- 
pared to placebo patients {dark bars) reported improved erections 
(74% vs 18%), improved intercourse (68% vs 16%) and intercourse 
success rate (53% vs 20%). There were no treatment-related serious 
adverse events. {Adapted from Katz et al. [47].) 
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Cardiac Transplantation 



14 



Donna M, Mancini 

Since the first human heart transplantation in 1967 [I], cardiac transplantation 
has evolved from a medical curiosity to an accepted therapy for end-stage 
cardiomyopathy. Initial 1-year survival was only about 20%. With the general 
availability of cyclosporine in 1986, 1-year survival improved to more than 
80%, with current 1-year survival now approaching 90% at high-volume 
transplant centers. Accordingly, the number of transplantations increased 
worldwide from 90 in 1981 to 2000 in 1988 to 3122 in 2001 [2|. 

Immunosuppressive agents have become more selective in targeting allograft 
rejection; nevertheless, significant morbidity still exists following transplantation 
primarily due to the consequences of immunosuppression or the side effects of 
the immunosuppressive drugs [3]. Current immunosuppression includes triple 
therapy with cyclosporine or tacrolimus, prednisone, and azathioprine or 
mycophenolate mofetil. Early transplantation-related problems include allograft 
rejection and infection. Chronic clinical problems of hypertension, nephro- 
toxicity, steroid-induced diabetes, obesity, and osteoporosis are frequently 
observ'ed. Transplantation-related coronary artery disease as a manifestation of 
chronic rejection is the major long-term morbidity and represents the major 
limitation to long-term survival [4]. New antiproliferativ^e drugs, cij, rapamycin 
and everolimus, may prevent or halt the progression of graft vasculopathy 
previously treatable only by retransplantation. The quality of life of post- 
transplant patients is frequently dramatically improved. Exercise performance 
is greatly enhanced, although it remains submaximal compared with normal 
age-matched subjects. Diastolic dysfunction, chronotropic incompetence, and 
recipient-donor size mismatch are some potential limitations to exercise 
performance in transplantation patients [51- 

The sustained improvement in survival following heart transplantation has 
led to a broadening of recipient selection criteria and an mcrease in the number 
of potential transplantation candidates. Current estimates indicate that between 
14,000 and 15,000 people per year could benefit from heart transplantation. The 
continued expansion of heart transplantation is limited by the availability of 
donor organs, which has remained stagnant at approximately 3000 per year 
worldwide [6]. Public awareness campaigns have minimally increased the donor 
pool. Improved medical therapy for heart failure and refined risk stratification 
has helped to defer transplantation in large numbers of patients. Despite these 
efforts, the waiting lists for transplantation candidates continue to lengthen. 
Alternatives to transplantation with mechanical-assist devices are actively being 
investigated. Several new mechanical assist devices have been developed for 
single or biventricular support [7j. With the results of the Randomized 
Evaluation of Mechanical Assistance for the Treatment of Congestive Heart 
Failure Trial (REMATCH) [8], the use of these dev'ices is no longer limited to 
bridge to transplant but now includes destination therapy. Additionally, other 
surgical options aimed at left ventricular remodeling and unloading are being 
investigated. Sev'eral of these approaches are illustrated in this chapter. 



CHAPTER 






Posttransplantation Survival 




Figure 14-1. Heart transplantation actuarial survival. Survival 
following cardiac transplantation has significantly improved 
following the addition of cyclosporine to the immunosuppressive 
regimen. This figure shows the actuarial heart transplantation 
survival for 52,409 heart transplantations performed between 
1982 and 2002 stratified by era. Improved survival is demonstrated 
after 1987 following the clinical availability of cyclosporine A [2]. 



Candidate Selection 




Figure 14-2. Cardiopulmonary stress testing. Application of cardiopulmonary stress 
testing has been an extremely valuable tool for guiding the transplantation selection 
process in ambulatory patients. A, The equipment used to conduct this form of testing. 
The patient breathes through a disposable pneumotach into a metabolic cart (Medical 
Graphics 2001, Minneapolis, MN) while exercising on a treadmill or bicycle. The 
metabolic cart is equipped with rapidly responding CO 2 and O 2 analyzers enabling online 
measurement of oxygen consumption (VO 2 ) and CO 2 production. Because VO 2 equals the 
cardiac output times the arterial-venous oxygen difference, peak VO 2 provides an indirect 
noninvasive assessment of cardiac output response to exercise. Cardiopulmonary stress 
testing was first used in candidate selection in 1986. 

( Gontinned on next poige) 
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Figure 14-2. Continued B, In a study by Mancini ei al. [9], 114 
transplantation candidates were divided into three groups on the 
basis of exercise capacity. In patients with a VO 2 level 
greater than 14 mL/kg/min, cardiac transplantation was 



deferred (group 2). Patients with a VO 2 of 14 mL/kg/min or 
less were accepted for transplantation in the absence of any 
other contraindications (group 1). Patients with a significant 
comorbidity that excluded transplantation and with VO 2 less 
than 14 mL/kg/min constituted a medical control group (group 
3). Cumulative survival curves for the three groups are shown 
here. For group 1, transplant was considered a censored 
observation. The 52 patients with a preserved exercise capacity 
(zc, peak VO 2 14 mL/kg/min) had a 1-year survival rate of 94%. 

This was significantly better than the survival of patients with 
reduced exercise capacity {ie, VO 2 of 14 mL/kg/min or less). 

The utility of VO 2 was described in the era before the 
widespread use of ^-blockers, which have significantly 
prolonged survival without enhancing exercise performance. 
Several studies have recently reexamined the prognostic value of 
peak VO 2 [10,11]- The majority of studies support continued 
validity of this variable though the threshold of VO 2 for 
accepting ambulatory candidates should probably be reduced to 
10 to 12 mL/kg/min in those candidates receiving blocking 
agents. (B adapted from Mancini et al. [9].) 




Figure 14-3. Proposed algorithm for cardiac transplantation 
recipient selection (A). All referred candidates should be New 
York Heart Association class III or IV after optimization of medical 
therapy. A list of clinical contraindications to transplantation is 
included here (B) [10,11]. BMI — ^body mass index; FEV^ — 1-sec 
forced expiratory volume; PVR — pulmonary vascular resistance. 



B. EXCLUSION CRITERIA FOR 
CARDIAC TRANSPLANTATION 



Age >65 years 

Fixed PVR >6 Wood units 

Peptic ulcer disease or putmonary infarct within 3 months 
Brittle diabetes mellitus or dial)etes with end-organ damage 
Major debilitating comorhid disease 
Symptomatic severe peripheral vascular or carotid disease 
Symptomatic hypertension requiring muittdrug therapy 
Active infection 

Renal insufficiency (creatinine level >2.5 mg/dL or creatine 
c I e a ra n c e < 5 0 m L7 m i n ) 

Severe liver dysfunLlion I bilirubin level >2.5 mg/dL or 
transaminase level >two times normal) 

Significant obstructive pulmonary disease (FEV, <1 Uminl 
Significant intrinsic coagulation abnormalrties 
Active or recent malignancy Iwithin 2 years) 

Ft IV seroconversion 
Amyloidosis 

Excessive obesity (BMI >35) 

Evidence of active tobacco, alcohol or drug abuse 
1 1 i story oi severe mental illness or psychosocial instability 
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Low risk, n 118 107 

Middle risk, n 94 81 

A High risk, n 56 18 



42 

15 

2 



Time, mo 
24 
4 




Low risk,o 38 66 

Middle risk, o 78 52 

B High fisk.f? 33 20 



Time, mo 
43 31 

32 19 

6 t> 



C. CALCULATION OF PROGNOSTIC SCORE 


CLINICAL CHARACTERISTIC 


VALUE (Y) 


COEFFICIENT (B) 


PRODUCT 


Ischemic cardiomyopathy 


1 


+0.06931 


+0.6931 


Resting heart rate 


90 


+0.0216 


+ 1.9440 


LVEF 


17 


-0.0464 


-0.7888 


Mean BP 


80 


-0.0255 


-2.0400 


IVCD 


0 


+0.6083 


0 


PeakVO^ 


16.2 


-0.0546 


-0.8845 


Serum sodium 


132 


T}.0470 


-6.2040 


PROGNOSTIC SCORE 




..+pnxn 






=SUM OF THE PRODUCTS 


=7.2802 



Figure 14-4. In an attempt to further refine the use of oxygen consumption (VO 2 ) in the 
selection of ambulatory transplantation candidates, a clinical index was developed and 
prospectively validated to predict survival [12,13]. 

Multivariable proportional hazards modeling was used to develop the model from 
80 clinical characteristics in 268 ambulatory patients with severe heart failure. The statistical 
model was subsequently validated in 199 patients. The smallest number of prognostic 
variables that accurately predicted 1-year survival was used to develop the heart failure 
survival score. The most significant prognostic factors were etiology of heart failure, resting 
heart rate and mean arterial blood pressure, left ventricular ejection fraction, presence or 
absence of intraventricular conduction defect, peak VO 2 in mL/kg/ min, and serum sodium. 
The heart failure survival score is calculated as the absolute value of the sum of the products 
of the identified prognostic variables and their computed coefficients. 



Noncontinuous variables were graded as 
1 if present or 0 if absent. Low-risk patients 
are identified as those with a score of more 
than 8.10; medium- and high-risk patients 
have scores below 8.1. Medium- and high- 
risk candidates are appropriate for listing for 
transplantation. A, Survival curve for the 
derivation sample. B, Survival curve for the 
validation group. C, An example of the 
calculation of the heart failure survival score 
for a 55-year-old man with an ischemic 
cardiomyopathy; resting heart rate of 90 
beats per minute (bpm); left ventricular 
ejection fraction (LVEF) of 17%; mean 
arterial blood pressure (BP) of 80 mm Hg; 
absence of an intraventricular conduction 
defect (IVCD); peak VO 2 level of 16.2 
mL/kg/ min; and a serum sodium level of 
132. The prognostic score below 8.1 places 
the patient m the medium- to high-risk 
group. In the absence of any major con- 
traindications, the patient should be 
activated on the transplantation list. 

As with peak VO 2 , the heart failure 
survival score was developed in the era 
prior to the widespread use of (3-blocker 
therapy. Accordingly, the efficacy of this 
prognostic tool was reevaluated in a cohort 
of 221 patients evaluated for cardiac 
transplant. The Heart Failure Survival Score 
continued to be an excellent predictor of 
survival. {Adapted from Aaronson et al [13].) 
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SERIAL ASSESSMENT 



Reevaluation in status 2 patients includes: 

Refx?at peak VO;, and LVEF every b months; studies are done 
sooner if major changes have been made in medical regimen 

PR A repeated every 2 months if level >20%, and after 
transfusions in all patients 

Right heart catheterization with infusion of vasodilators every 
6 months if PVR >3 Wood units 

Transplantation deferred if: 

PeakVO^ is markedly improved 

LVEF >307o 

PVR becomes fixed at <6 Wood units despite parenteral 
inotropic therapy and optimization of vasodilators 



Figure 14-5. Reevaluation of the need for transplantation. 

Heart failure is a dynamic state and therefore requires periodic 
reevaluation of the continued need for transplantation. A protocol 
for reevaluation is listed here. Left ventricular ejection fraction 
(LVEF) and exercise capacity are reassessed within 3 months of the 
initial evaluation in patients with major alterations in therapy or 
with symptomatic improvement. In the majority of patients, 
reevaluation is performed every 6 months. Patients selected using 
criteria emphasizing reduced oxygen consumption (VO 2 ) generally 
continue to have a high mortality, with few patients being 
deactivated from the transplantation list. Thus, accumulated 
time on the list remains a good parameter by which to allocate 
organs. PRA — panel of reactive antibodies; PVR — pulmonary 
vascular resistance. 





Figure 14-6. Indications for adult heart transplantation. A and B, were coronary artery disease (CAD) (46%), followed closely by 
In 2002, the most common indications for cardiac transplantation dilated cardiomyopathy (45%). {Adapted from Taylor et al. [2].) 



Donor Selection Criteria 



DONOR CRITERIA 



Brain death declared; signed donor consent 
Age < 60 y of age; cardiac cathelerization required in 
all donors > 50 y of age 

Normal heart 

History, physical examination, ECG, ECHO 
Inotropic requiremenr 

< 10 pg/kg^min dopamine with adequate venous pressure 
Absence t)f: 

Malignancy (except primary brain tumori 
Cardiac contusion, arrhythmia 
Infection [except pneumonia) 

HIV hepatitis BsAg- or hepatitis C-^posilive 
Anticipated ischemic time < 4 h 



Figure 14-7. Donor criteria.The major limitation to the growth 
of cardiac transplantation has been the scarcity of donor organs. 
Attempts have been made to expand the donor pool by accepting 
hearts from older candidates, serologic-positive organs {ie, positive 
for hepatitis C), and even marginal hearts with high inotropic 
requirements and small segmental wall abnormalities pretransplant. 
Despite this, the mean age of donor hearts has only risen from 24 
years of age in 1982 to 30 years of age in 2002 with less than 10% of 
organs procured from donors older than 50 years of age [2]. 
Guidelines for selecting suitable heart donors at Columbia- 
Presbyterian Medical Center are shown here. Bs Ag — ^hepatitis B 
surface antigen; ECG — electrocardiogram; ECHO — echocardiogram. 
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Surgical Techniques 




A 




Figure 14-8. The three surgical techniques presently used to 
perform cardiac transplantation. The orthotopic cardiac trans- 
plantation developed by Shumway et al. [14] is the most common 
surgical approach used worldwide. The native heart is removed, 
leaving biatrial cuffs (A). The excised donor heart is prepared 
with ligation of the superior vena cava. A curvilinear incision into 





D 



the right atrium is made to protect the donor sinus node (asterisk) 
(B). Biatrial anastomoses are performed, beginning with the 
left-to-left atrial anastomoses. This is followed by right atrial 
anastomoses (C and D) and finally by the pulmonary (E) and 
aortic (F) anastomoses. 

(Continued on next page) 
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Figure 14-8. Continued Preservation of the recipient's native 
pulmonary veins with biatrial anastomoses is the hallmark of 
the orthotopic technique; this preservation greatly simplified 
transplantation surgery. The orthotopic cardiac transplantation 
has been recently modified in an attempt to improve atrial 
geometry and function. This modification, the second 
procedure used for cardiac transplantation, is called the bicaval 
technique. In this modification, the recipient's atria are 



completely excised, with the exception of one or two small left- 
atrial cuffs containing the pulmonary veins. Direct anastomoses 
are then performed between the donor and recipient inferior 
and superior venae cavae, and then the left atrial cuff on the 
donor heart is anastomosed to the pulmonary venous cuff on 
the recipient side (G). The aorta and pulmonary artery are then 
anastomosed (H). 

{Continued on next page) 
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Figure 14-8. Continued The completed bicaval transplant (I) thus preserves atrial 
geometry. The third technique for transplantation currently used is the heterotopic 
technique (not shown), which was the original transplantation performed by Christian 
Barnard in 1967. In this technique, the donor organ is ''piggybacked" to the recipient 
heart. The two aortas are anastomosed, and a Dacron graft is interposed between the 
donor and recipient pulmonary artery. The right and left ventricular circulations are 
connected parallel. In a recent modification of this technique, the donor pulmonary artery 
is anastomosed to the recipient right atrium. This modification places the right ventricles 
in series; the left ventricles remain in parallel circuits. Hetero topic transplantation permits 
transplantation in patients with fixed elevated pulmonary vascular resistances who are 
not eligible for orthotopic transplantation. However, this approach is limited by a lower 
long-term survival, need for chronic anticoagulation, development of arrhythmias, and 
potential for refractory angina in some patients [15]. (A to G adapted from Cooley [16]; 

H to I adapted from El Gamel et al. [17].) 



Allograft Rejection 



Figure 14-9. {See Color Plate) Allograft rejection. A, The rejection of 
an allograft is primarily determined by the recognition of foreign 
antigens on the surface of engrafted cells. The major surface histocom- 
patibility antigens are determined by a single complex genetic region 
called the HLA region in humans. The loci are divided into two 
classes, 1 and II, based on structure, function, and tissue distribution of 
their cell-surface protein products. Cell-mediated rejection is the 
primary cause of rejection. T lymphocytes are crucial to the Initiation 
and execution of cellular rejection. Donor antigens are presented 
either directly (/b, on the surface of a donor cell) or indirectly. The 
subsequent recognition of foreign or donor HTA antigens by highly 
specific T-cell receptors remains the critical control element for the 
immune response. However, the recognition of foreign HLA protein 
by a T-cell receptor is not sufficient to provoke the rejection response. 
Tlie interaction between the antigen-presenting cell and the T-cell 
receptor must be aligned with integrins and adhesion molecules such 
that a conformational change can occur in the T-cell receptor. T-cell 
surface molecules that promote adhesion include lymphocyte- 
associated antigen (LFA-1). LFA-1 binds to intracellular adhesion 
molecule, which is a glycoprotein expressed on endothelial cells, 
fibroblasts, lymphocytes, and monocytes. Interleukii^-2 is the main 
cytotrophic factor to T lymphocytes that causes allospecific clonal 
expansion activation of cytotoxic and helper T cells, as well as 
activation of B lymphocytes. The complexity of the cellular interaction 
provides many potential targets for immunosuppression. Develop- 
ment of monoclonal antibodies against these cellular molecules has 
been an active area of research. Humoral rejection can occur early 
after transplantation. It is characterized histologically by immuno- 
globulin and complement deposition in the absence of cellular 
rejection. It is frequently associated with hemodynamic compromise 
and occurs in about 10% of cases. B, Immunofluorescent staining of a 
myocardial biopsy with fluorescein-conjugated anti-human IgG. The 
green fluorescent stain demonstrates the linear deposition of IgG on 
the endothelial capillaries; the i/ellow stain represents autofluorescent 
lipofusion within the myocytes. (A adapted from Cerilli [18].) 
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A. IMMUNOSUPPRESSIVE DRUGS: DOSES AND SIDE EFFECTS 


1 DRUG 

1 Antimptabolites* 


MECHANISM OF AaiON 


DOSE 


SIDE EFFECTS 


1 Azathinprine 


Purine 


2 mg/kg/d (titrated to VVBC count 
of 5000/cc) 


Bone marrow suppression; 
hepatoloxidly: nausea, 
diarrhea; leukopenia 


1 Mycophenolate motet il 


Purine 


1 500 mg bid 


Nausea, diarrhea: leukopenia 1 


1 Brequinar sodium 
1 (experimental) 


Pyrimidine 




Leukopenia, Ihromhocytopenia, 1 

diarrnea 1 


1 Cyclophosphamide 
1 Antiproliferatives^ 


Pyrimidine 


1 g/m‘q3-4 wk 


Leukopenia, thrombocytopenia 1 


Steroids 


Inhibit macrophage migration factor; 
inhibit processing, display of antigen; 
inhibit ILd release, synthesis of IL-I , -2 


0- 1 (1 mg/d 


Diabetes, osteoporosis, obesity, 1 

dyslipidemia, myopathy, 1 

cataracts, psychosis 1 


Cyclosporine 


Interferes with transcription of IL-2 by 


5 mg/kg/d administered bid (titrated 


Nephrotoxicity, headache, 1 




binding cydftphilin on T cells 


to a trough blood level of 300-350) 


tremors, hyfierkalemia, ph(go- 1 

sensitivity, gingival hyperplasia 1 


Tacrolimus 


Binds FK protein onT tells; interferes 
with ID2 transcription 


OJ 5-0,3 mg/kg/d administered bid 


Nephrotoxicity, hyperkalemia, 1 

headache, tremor, diabetes 1 


Rapamycin 


Binds to FK5 Oh-binding protein, 
inhibiting mIOR and cell -cycle 
progression from G1 to S phase 


6-mg loading dose, then 2-5 mg/ld 


Thrombtjcytopenia, hyper- 1 

lipidemia, anemia, edema 1 


Everolimus 

Antibodies 


Binds to FKSOh'binding protein, 
inhibiting mTOR and cell-cycle 
progression from Cl to S phase 


0.75-1.5 mg po bid 


Hyperfipidemia, renal insuf- 1 

ficiency in ctjmbination with 1 

calcineurin inhibitor 1 


OKT3 


Murine CD3 receptor blockade 
preventing IL-2 release 


5 mg/d IV X 10-14 d 


Fever, myalgia, 1 

aseptic meningitis 1 


Antithymocyte globulin 


Polyclonal 


10-20 mg/kg IV X 10-14 d 


Fever, leukopenia, ihrombo- I 

cytopenra, serum sickness 1 


IntriWenous 

immunoglobulin 


Polyclonal 


2 g/kg in 4 divided dally doses 


Renal insufficiency, fever 1 


Daclizumab 


IL-2 receptor blockade 


1 nig/kg IV q2 wk X 5 doses 


None 1 


Basil iximab 


IL-2 receptor blockade 


20 mg IV preoperatively then 20 mg 
IV on postoperative day 4 


None 1 


Riluximah 


Chimeric Anti-CD 20 monoclonal 
IgC antibody 


375 mg/m^' 


Neutropenia, thrombocytofjenia, 1 

anemia, allergic reactions 1 


*lrTterfere with purine or pyrimidme synthesis and block clonal lymphocyte expansion. 




tNonspecifit inhibition ot clonal expansion of the ceil lines that mfxJulaie rejection. 





Figure 14-10. Immunosuppressive drugs. The immuno- 
suppressive drugs can be grouped into three categories: 
antimetabolites, antiproliferatives, and antibodies. A, 

Doses and side effects for the most commonly used drugs. 
Antimetabolites block purine or pyrimidine synthesis clonal 



lymphocyte expansion; antiproliferatives inhibit clonal 
expansion of cell lines that modulate rejection; and antibody 
therapy includes targeted and specific inhibition of cell lines 
that modulate rejection. 

{Continued on next page^ 
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B. MAINTENANCE IMMUNOSUPPRESSIVE THERAPY 


WEEK PQSnRANSPLANT 


PREDNISONE. 


CYCLOSPORINE 


MYCOPHENOLATE 




MC/D 


TROUGH LEVEL 


MOFFTIL 


2 


30 


300-500 — 




3 


25 


300-500 




4 


20 


300-500 




6 


15 


300-500 




8 


10 


300-500 




12 


7.5 


200-300 


1 500 mg 
bid orally 


16 


5 


200-300 


20 


5 


200-300 


(trough level 


24 


4 


200-300 


1-3 gg/mL) 


28 


3 


100-200 




36 


2 


100-200 




44 


1 


100-200 




52 


0 


100-200 





Figure 14-10. Continued B, The 
maintenance immunosuppressive 
regimen used after cardiac transplantation 
at Columbia-Presbyterian Medical Center 
(New York, NY). Rapid withdrawal of 
corticosteroids is attempted to minimize 
steroid-associated side effects, bid — twice 
daily; IL — interleukin; IV — intravenous; 
mTOR — mammalian target of rapamycin; 
PO — orally; WBC — white blood cell. 
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ISHLT ENDOMYOCARDIAL GRADING SYSTEM 


CRAPE 


HISTOLOGIC DESCRIPTION 


0 




No rejection 


lA 




Focal peri vascular or interstitial infiltrate 
without necrosis 


IB 




Diffuse but sparse infiltrate without necrosis 


2 




One foe u s of aggress i ve i n f i 1 1 ra l i on or foe a 1 
myocyte damage 


3A 




Mu f t i foca 1 aggress ive i n f i 1 1 ra tes o r 
myocyte damage 


3B 




Diffuse inflammatory process with necrosis 
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D iffuse aggressive polymorphous inti 1 trate with 
necrosis ± edema, ± hemorrhage, ± vasculitis 



Figure 14-11. Histologic grading of allograft rejection. To monitor 
rejection, periodic endomyocardial biopsies are performed. A, The 
percutaneous technique of endomyocardial biopsy using the 
Caves bioptome. The bioptome is inserted through the internal 
jugular vein to the right ventricular portion of the interventricular 
septum under fluoroscopy. Four to six specimens containing at 
least 50% myocytes are required for 90% to 95% confidence in the 
interpretation. B, The standardization of histologic biopsy grading 
according to the International Society for Heart Transplantation 
(ISHLT). (A adapted from Unverferth [19].) 
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Figure 14-12. Hematoxylin and eosin staining of representative 
endomyocardial biopsies at a magnification of 100 X showing 
grade IB rejection with focal lymphocytic infiltrate without 
evidence of myocardial necrosis (A), grade 3A rejection demon- 
strating more intensive lymphocytic infiltration and myocyte 
necrosis (B), and grade 4 allograft rejection with extensive 
lymphocyte infiltration, myocyte necrosis, and hemorrhage (C). 
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Months after transplantation 



Figure 14-13. Infections associated with 
posttransplant immunosuppression. 
Because of reduced cellular immunity, 
the cardiac transplantation recipient 
is subject to development of typical 
bacterial as well as atypical viral, 
protozoal, and fungal infections. A, The 
typical posttransplant infections and the 
times at which they occur. 

{Continued on next page) 
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B, ANTIMICROBIAL PROPHYLAXIS 



BAaERIAl PROPHYLAXIS 

Cefazolin 1 .5 g IV preoperalivety and 1 g IV every 6 hours for 24 hours 

Isoniazid 300 mg and pyridoxine 50 mg orally daily for 1 year for PPD-posittve 
candidates and recipients 

Pneumococcal vaccine IM pretransplanl 

VIRAL PROPHYLAXIS (CMV HSV INFLULNZAJ 

Cancidovir 5 mg/kg IV bid x 72 h then valganciclovir 450 mg PO bid X 6 mo in all 
patients who are CMV-positive and/or receive a CMV-|3ositive heart 

Acyclovir 400 mg orally tid in CMV-negalive recipients who receive a CMV- negative 
heart for HSV prophylaxis 

CMV-negalive blood products to all transplant recipients 

Influenza A and B vaccine every November to all recipients after year 1 

Hepatitis B vaccine 

PROTOZOAL PROPHYLAXIS iPCR TOXOPLASMOSIS) 

Trimethaprin-sulfamethuxazole single-strength tablet daily for I year or monthly 300 mg 
of aerosolized pentamidine isethionate in patients with sulfa allergy 

Pyrimethamine 50 mg daily and folinic acid 5 mg orally bid for 6 weeks for all 
recipients with negative liters for toxoplasmosis who receive a heart that is positive 
for toxoplasmosis 

FUNGAL PROPHYLAXIS 

Mycostatin swish and swallow 5 cc orally qid for 2 months or clotrimazole troches orally 
5 times per day for 2 months 



Figure 14-13. Continued B, To prevent 
the various infections, the antimicrobial 
prophylactic regimen is implemented, 
bid — twice daily; CMV — cytomegalovirus; 
CNS — central nervous system; 

EBV — Epstein-Barr virus; HSV — herpes 
simplex virus; IM — intramuscular; 

IV — intravenous; PCP — Pneumocystis carinii 
pneumonia; PO — orally; PPD — purified 
protein derivative; PTLD — posttrans- 
plantation lymphoproliferative disorder; 
qid — four times daily; RSV — respiratory 
syncytial virus; TB — tuberculosis; 
tid — three times daily; UTI — urinary tract 
infection; VZV — varicella zoster virus. 

(A adapted from Fishman and Rubin [20].) 



Quality of Life After Transplantation 



A. DETERMINANTS OF DECREASED EXERCISE 
CAPACITY AFTER CARDIAC TRANSPLANTATION 



PQNQ R 

Abnormal LV relaxation or diastolic dysfunction 

Reduced systolic pert'ormance due to rejection or 
accelerated atherosclerosis 

Chronotropic incompetence 

recipient 

Effects of immunosuppressive drugs: steroid-induced myopathy 
Persistent pulmonary abnormalities 
Persistent skeletal muscle abnormalities 



Figure 14-14. Exercise capacity after transplantation. Quality of 
life after transplantation is generally excellent. Many recipients 
are able to return to work and an active lifestyle [21]. However, 
multiple studies have demonstrated that cardiac transplantation 
recipients exhibit a 30% to 40% reduction in exercise capacity 
compared with normal individuals [5]. A, Determinants of 
decreased exercise capacity after cardiac transplantation. Many 
theories exist to explain this reduced exercise capacity; some relate 
to the recipient, others to the donor characteristics. An important 
determinant of reduced exercise capacity is chronotropic 
incompetence due to graft denervation. As a consequence of 
denervation, the heart rate response is determined primarily by 
the transplanted heart response to circulating catecholamines. 

{^Continued o?i next page) 
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Figure 14-14. Continued B, Simultaneous esophageal electrode 
recordings of the remnant native sinus node (SN) and the surface 
electrocardiogram recordings of donor heart rate from a patient 
2 years after transplantation. The heart rate recorded from the 
native sinus node quickly increases at the onset of exercise and 
decreases precipitously with its termination. In contrast, the donor 
heart rate does not increase until minute 8 of exercise, consistent 
with its catecholamine-dependent response. Deceleration is also 
delayed as catecholamines are cleared from the circulation, 
bpm — ^beats per minute; LV — left ventricular. {Adapted from 
Beniaminovitz et al. [22].) 



Accelerated Transplantation, Atherosclerosis, 
AND Retransplantation 




Figure 14-15. Transplantation coronary allograft disease 
(TCAD). The major cause of late death after cardiac trans- 
plantation is the development of TCAD, a unique accelerated 
form of coronary artery disease. By 1-year posttransplantation, 
about 30% of patients demonstrate some TCAD, and the 
incidence and severity continue to increase with time [23]. The 
pathogenesis of TCAD is thought to begin with immunologic 
and nonimmunologic injury to the arterial endothelium, with 
resultant loss of endothelial integrity [24]. Microthrombi, 
cellular proliferation, and plasma lipids accumulate at the site 
of the injured intima. A, This leads to further cellular 
proliferation and finally profound myointimal hyperplasia 
leading to diffuse coronary artery lumen narrowing. 

B, Selective left coronary angiography from a patient with 
severe TCAD, which shows diffuse tapering of the left anterior 
descending and circumflex arteries as well as pruning of all the 
secondary vessels. Frequently, intravascular ultrasound is used 




to measure intiminal thickening. Intiminal thickening may 
be present even when the artery appears normal. 

Immunologic mechanisms resulting in endothelial injury 
include both cellular and humoral factors [25]. Nonimmuno- 
logic risk factors also contribute to the development of cardiac 
allograft vasculopathy. Recipient age and gender, donor age and 
gender, obesity, hyperlipidemia, and donor ischemic time may 
affect the development of vasculopathy [26]. An association has 
also been found between the presence of active cytomegalovirus 
infection and the development of vasculopathy [27]. Given the 
diffuse, concentric nature of this disease, percutaneous 
transluminal coronary angioplasty and coronary artery bypass 
grafting are not useful strategies for management. 

Unfortunately, patients with TCAD have a fivefold greater 
risk of cardiac events such as myocardial infarction, severe 
refractory heart failure, and sudden death. 

{Continued on next page) 
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Figure 14-15. Continued C, Until recently, retransplantation 
was the only treatment for severe TCAD despite reduced survival; 
however, a recent study described the efficacy of rapamycin to 
slow the progression of graft vasculopathy [28]. In this randomized 
prospective study of 46 patients with severe transplant vasculo- 
pathy, clinically significant adverse events such as death, myocardial 
infarction, need for revascularization, or worsening of a quantitative 
catheterization score was significantly reduced in the cohort 
receiving rapamycin. Similarly, cardiac hospitalizations were also 
reduced in the rapamycin-treated arm. Use of a similar antipro- 
liferative agent, everolimus, in de novo cardiac transplant recipients 
was associated with a significant decrease in intimal thickening 
by intravascular ultrasound after 1 year of therapy [29]. Whether 
long-term treatment with everolimus will translate into a reduction 
in the incidence of clinically significant transplant coronary artery 
disease awaits further investigation. Preventative strategies 
continue to stressed. Hyperlipidemia management with HMG Co A 
(3-hydroxy-3-methylglutaryl-coenzyme A) reductase inl^ibitors and 
routine aspirin use are two such approaches. 



Mechanical-Assist Devices 



PATIENT SELECTION CRITERIA FOR LEFT 
VENTRICULAR ASSIST DEVICES 



Tmnsplanl candidate 
Hemodynamic parameters 
Cardiac index < 2 L/min/m^ 

Systolic blood pressure < 80 mm Hg 
Pulmonary capillary wedge > 20 mm Hg 
Technical considerations for exclusion 
Body surface area < 1 .5 m * 

Aortic insufficiency 
Right to left shunt 
Abdominal aortic aneurysm 
Prosthetic valves 
Left ventricular thrombus 
Severe right ventricular failure 
Preoperative risk factors 

Right atrial pressure > 16 mm Hg 
Prothrombin lime > 16 s 
Reoperation 

While blood cell count > 15 
Urine output < 30 cc/h 
Mechanically ventilated 
Temperature > 10U5®F 
Prior left ventricular assist device 



Figure 14-16. Patient selection criteria for left ventricular assist 
devices. Approximately 25% of the patients listed for cardiac 
transplantation die before a suitable donor heart becomes 
available. Consequently, several types of short-term and more 
permanent mechanical-assist devices have been developed to 
bridge patients to transplantation. Commonly used short- and 
long-term devices for support in patients with postcardiotomy 
failure, acute cardiogenic shock from extensive acute myocardial 
infarction or myocarditis or in patients with medically refractory 
heart failure are shown in this table. Devices can be divided into 
extracorporeal and intracorporeal systems that can provide single 
or biventricular support. With the success of the bridge to 
transplant device experience, ventricular assist devices are now 
being developed as long-term therapy for nontransplant 
candidates with end-stage cardiac disease. 
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Slep 1 

Temporary VAD type/can nulal ion 
Systemic/m ixcd venous saturation 
ECG, cardiac enzymes, echocardiogram 
Renal function 
Neurologic status 
Ongoing hemorrhage 

Step 2 

Reapplication of primary screen 
Technical considerations 
Patent coronary grafts 
Prosthetic valve/aortic insufficiency 
LV aneurysm 
Intracardiac shunt 
Congenital anomalies 

Step 3 

Preoperative LV function 
Technical success of operation 
Presence of surgically correctable 
problem 

Indicators of myocardial injury 
End-organ recovery? 

Step 4 

Transition technique from 
extracorporeal VAD to LVAD 
Use of extracorporeal VAD outflow 
graft 

IA8P not removed 
Aprotinin 

Step 5 

Inhaled nitric oxide/RVAD 
Arginine vasopressin 
Ventricular arrhythmia management 
Infection prophylaxis 

Step 6 

Rehabilitation 
PRA monitoring 
Discharge home with LVAD 



Figure 14-17. Proposed algorithm for 
insertion of mechanical-assist devices 
in patients with postcardiotomy failure 
occurring at outside institutions. 

ECG — electrocardiogram; lABP — intra- 
aortic balloon pump; LV — left ventricle; 
LVAD — left ventricular assist device; 
PRA — panel reactive antibody. 

RVAD — right ventricular assist device; 
VAD — ventricular assist device. {Adapted 
from Helman et al. [30].) 
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univentricular or biventricular support. 
Inflow cannulae are placed in either the 
right or left atrium. The device consists 
of two chambers with flow direction 
controlled by two polyurethane valves. 
Each chamber consists of a 100-mL, 
smooth-surfaced, polyurethane bladder. 
The device's top chamber (atrial) fills 
passively by gravity and the lower 
chamber (ventricular) has a bladder that 
fills and empties through pneumatic 
compression by an external console. The 
control console is self-regulated based on 
preload filling of the atrial chamber and 
can achieve flows of up to 6 L/min. 
Outflow is generally achieved by direct 
anastomosis of a synthetic graft to either 
the aorta or pulmonary artery. The 
primary indication for this device is short- 
term support for postcardiotomy failure 
but it can also be used to facilitate transfer 
of patients in acute cardiogenic shock to a 
specialized center for either trans- 
plantation or long-term assist device 
placement. The device is self-regulating 
and thus does not require special support 
staff to operate; however, the patient must 
be maintained on intravenous heparin 
Figure 14-18. The Abiomed Bi- Ventricular Support (BVS) 5000 (Abiomed, Inc., Danvers, throughout support. {Adapitcd from Higgins 
MA) is a pulsatile pneumatically driven extracorporeal assist device that can provide ct al. [31].) 





Figure 14-19. The HeartMate XVE (Thoratec Corp., Pleasanton, CA) uses pusher-plate 
technology with a polyurethane diaphragm to propel the blood in a pulsatile fashion. 

This device can only be used for left-sided support [32]. It has a sintered titanium housing 
that promotes adherence of blood elements and development of a pseudointima. Because 
of this innovation and the use of xenograft valves, anticoagulation can be avoided with a 
very low thromboembolic rate (2.7%). The HeartMate device can achieve flow rates of 10 
L/ min and can be operated in a fixed rate mode or an automatic mode that self-regulates 
rate based on the available preload. The device is implanted in the right upper abdomen. 
Inflow to the device is provided from the left ventricular apex and the outflow from a 
Dacron graft anastomosed to the ascending aorta. The driveline that connects to the 
power source is tunneled percutaneously exiting via the left abdomen. It can be connected 
to two external portable batteries providing patients with free mobility to engage in a 
variety of indoor and outdoor activities for up to 6 to 8 hours. Overnight, the patients are 
linked to a power base station. The driveline also allows for manual pneumatic activation 
in the event of an electrical or motor failure. Unfortunately, the driveline also serves as the 
major site of complications in this population, with an infection rate near 50%. The device 
is shown in A with a schematic of the positioning of the device in B. 

{^Continued on next pdge) 
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Figure 14-19. Continued The recent Randomized Evaluation of 
Mechanical Assist in the treatment of Congestive Heart Failure 
Trial [8] examined the survival of 129 patients with class IIIB/IV 
who were ineligible for cardiac transplantation. This National 
Institutes of Health-sponsored trial demonstrated improved 
survival 1 and 2 years after device implantation versus continued 
medical treatment. The Novacor system (Baxter Healthcare Corp., 
Deerfield, IT; not shown) is the other most commonly used left 
ventricular assist device bridge. The Novacor system does not 
contain a textured surface. Despite anticoagulation, the incidence 
of embolic cardiovascular accidents remains high with the present 
Novacor system. 




A 



Figure 14-20. The newest generation of devices are axial flow 
pumps. The HeartMate II, Jarvik, and Debakey ventricular assist 
devices are all axial flow pumps currently in clinical trials. The 
device illustrated in this figure is the HeartMate II (Thoratec Corp., 
Pleasanton, CA) axial flow pump [33]. These small pumps use an 
impellar blade and circulate blood somewhat similar to a boat 
propellar. Flow is nonpulsatile. These devices have potential 
advantages in that they are small with minimal blood contact. 




simple mechanics, and lack of valves. They are extremely 
lightweight yet can generate flows in excess of 10 L/ min without 
promoting hemolysis. No adverse end-organ function has been 
shown from the use of nonpulsatile devices in animal studies. 
These devices may represent the future of left-sided support 
because of their simplicity and potential for better durability. 

A, The HeartMate 2 device. B, The propeller-like design of the 
pump is shown. {Courtesy o/Thoratec Corp., Pleasanton, CA.) 
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Figure 14-21. Passive cardiac restraint devices such as the CorCap 
(Acorn Cardiovascular, Inc., St. Paul, MN) are being investigated 
to prevent cardiac dilation and promote recovery. The 
development of this device originated from the passive benefit 
observed in patients undergoing cardiomyoplasty. The support 
device is made of a biocompatible mesh that is positioned around 
the epicardial surface of the heart like a sock. This specially 
weaved mesh is tightened to reduce the end-systolic volume of the 
heart by 10%. Animal and early clinical data have demonstrated 
slowing of the progression of heart failure and functional 
improvement [30]. Currently the device is placed with open chest 
techniques, but ultimately may be amenable to minimally invasive 
placement. {Courtesi/ of Acorn Cardiovascular, Inc.) 




Figure 14-22. A-C, The Thoratec VAD (Thoratec Corp., 
Pleasanton, CA) is a polyurethane-lined pneumatically driven 
pusher-plate device that can be used for both left- or right- 
sided support. The device has a stroke volume of 65 mL and 
can achieve flows up to 7 T/ min. It is connected to the heart 
via special inflow cannulae that can be placed in the right 
atrium (RA) (B,C), left atrium (LA) (A,C) or left ventricle (B) 
depending on the type of support required. The outflow graft is 



sewn directly to the aorta or pulmonary artery (PA), thereby 
providing stability. The extracorporeal pump is connected via 
cannulae that are tunneled from the chest subcutaneously, and 
exit in the upper abdominal wall. The main advantages for this 
device include its versatility for biventricular support and the 
ability to use it in small patients. Ao — aorta; lAG — interatrial 
groove; LVAD — left ventricular assist device; RVAD — right 
ventricular assist device. 
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Figure 14-23. The Abiocor total artificial heart (Abiomed Corp., 
Danvers, MA) is implanted in the orthotopic position. Driven 
by an internal motor, this device uses hydraulically coupled 
chambers that alternate left-sided ejection with right-sided filling. 
The device is completely implantable with an internal battery. 

A transcutaneous energy transfer system permits recharging 
of the battery and device operation via an external coil. The valves 
of the device are made of polyurethane material; thus patients 
will require chronic anticoagulation. This total artificial heart is 
undergoing clinical trials in patients who are not potential cardiac 
transplant recipients. {Courtesy 0/ Abiomed Corp., Danvers, MA.) 
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MECHANICAL BRIDGES TO TRANSPLANTATION 
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Y 


Long 
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Figure 14-24. Mechanical bridges to transplantation. BSA — ^body surface area; 

ECMO — extracorporeal membrane oxygenation; L — left; R — right; TAH — total artificial heart. 
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Diastolic Dysfunction: 
Pathophysiology, Clinical 
Features, and Treatment 

Carl S. Apstein 

Diastolic dysfunction occurs when the normal mechanisms that allow the left 
ventricle (LV) to fill under low pressure become deficient. Diastolic dysfunction 
may also affect the right ventricle (RV), but there is relatively little information 
about RV diastolic dysfunction. Therefore this chapter focuses exclusively on 
LV diastolic dysfunction with the understanding that the same principles 
undoubtedly apply to the RV. 

The cardinal symptom of diastolic dysfunction is dyspnea with exertion, 
which reflects underlying pulmonary congestion. During exercise, diastolic 
function must be enhanced so that LV input remains precisely matched to LV 
output. The rate of diastolic filling must increase because the duration of 
diastole is shortened by the tachycardia of exercise, and the LV filling rate must 
increase without increasing pulmonary capillary pressure if pulmonary 
congestion is to be avoided. 

Several elegant mechanisms combine to promote LV diastolic filling during 
exercise without increasing pulmonary capillary pressure. Myocyte relaxation 
is normally enhanced by exercise. A greater elastic recoil of the LV in early 
diastole enhances LV filling by means of a suction effect. The failure of these 
mechanisms, usually in combination with an increase in LV passive stiffness, 
results in the dyspnea with exertion that is characteristic of the patient with 
diastolic dysfunction. 

This chapter first reviews normal diastolic physiology and the response to 
exercise at both the cell and organ level. The clinical settings of diastolic 
dysfunction are discussed in terms of their different etiologies and time 
courses. For example, acute ischemia can result in sudden diastolic 
dysfunction, which resolves rapidly with appropriate therapy; such acute 
diastolic dysfunction is responsible for the symptoms of chest tightness, 
wheezing, and dyspnea that often accompany an anginal episode. However, 
long-standing hypertension and LV hypertrophy (LVH) cause chronic diastolic 
dysfunction, which is difficult to treat satisfactorily. The effect of normal aging 
on diastolic function and the high prevalence in the elderly of CHF caused by 
diastolic dysfunction is considered. Last, approaches to the treatment of 
diastolic dysfunction are outlined, including evidence that exercise training can 
improve diastolic dysfunction in the elderly. 






Normal Diastolic Function 





Figure 15-1. The place of diastole in the cardiac cycle. The heart 
is a phasic pump. The function of the diastolic phase is to fill the 
ventricle with an adequate volume for ejection during the sub- 
sequent systole. Classically, diastole has been defined as beginning 
at aortic valve closure and continuing until mitral valve opening. 
This figure shows the time course of LV pressure, volume, and the 



pressure-volume (PV) loop. A, The time course of LV pressure and 
volume during a single cardiac cycle. B, The PV loop for the same 
cycle. The corresponding phases of systole and diastole are color 
coded. AS — atrial systole; ED — end diastole; ES — end systole; 
rVC — isovolumic contraction; IVR — isovolumic relaxation; 

RDE — rapid diastolic filling. (Courtesi/ of Dr. Robert Bonow.) 
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NORMAL LEFT VENTRICULAR DIASTOLIC FILLING 
AND RESPONSE TO EXERCISE 



The Major determinants of normal LV filling I 

Rate and extent of LV pressure decay I 

H Elastic recoil or restoring force of myocardium I 

H Small Iransmilral f pressure gradients I 

Low resistance mitral valve orifice and inflow tract I 

High (listenstbility or low passive stiffness of LV chamber I 

Force of atrial contraction I 

Lack of external constraint from pericardium, pleura, lungs, intrathoracic pressure I 

Normal diastolic reponse to exercise: increased flow rale across mitral valve I 

Increased LV elastic recoil and early diastolic LV suction I 
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Increased force of atrial contraction I 

Figure 15-2. The major determinants and features of left ventricular (LV) filling. Abnor- 
malities of one or more of these factors can impair normal LV filling and result in diastolic 
dysfunction. Cardiac function during exercise is critically dependent on mechanisms to 
increase LV filling (cardiac input) in parallel with LV ejection (cardiac output). Further, 
pulmonary function and the work of breathing during exercise is also dependent on LV 
diastolic function because LV diastolic pressure directly affects pulmonary capillary pressure. 



Both calcium removal and titin expansion 
are responsive to exercise. The rate of 
calcium uptake by the sarcoplasmic 
reticulum is regulated by phospholamban. 
Unphosphorylated phospholamban inhibits 
the SR calcium ATPase (SERCA). During 
exercise, phospholamban is phosphorylated 
by cAMP-dependent kinases that are 
activated by the increased sympathetic 
activity and adrenal catecholamine release 
that occur during exercise. The increased 
SERCA activity accelerates calcium reuptake 
and relaxation. 

During exercise, myocyte shortening and 
titin compression are greater than in the 
resting state because of the inotropic effects 
of the increased sympathetic activity and 
circulating catecholamines. As a result, 
titin expands at a greater velocity from its 
shorter end-systolic position, and myocyte 
lengthening is more rapid during exercise. 
The expansion of titin is responsible for the 
"restoring force" or "elastic recoil" that 
increases the LV suction effect in early 
diastole during exercise. 

In late diastole during exercise, the force 
of atrial contraction is increased because of 
the inotropic effect of increased sympathetic 
activity and circulating catecholamines. 



Early diastole 

Myocyte relaxation and relengthening 
Cytosolic calcium removal 
SR calcium reuptake (SERCA) 

SL calcium extrusion (sodium/calcium exchange; Ca-^ ATPase) 
Actin-myosin cross-bridge detachment 
Expansion ot compressed titin 
LV elastic recoil 

Transmitral pressure gradient from LV suction 

Late diastole 

LV passive stiffness 
Left atrial function 



Figure 15-3. Early and late diastolic physiology. Different factors regulate diastolic function 
in early and late diastole. Myocyte relaxation, the first step, results from the removal of 
cytosolic calcium and the expansion of the springlike molecule, titin, which is compressed 



during systolic cell shortening. Removal of 
cytosolic calcium reverses the process of 
excitation-contraction coupling and 
comprises repolarization-relaxation 
coupling. Calcium is removed from the 
cytosol by the sarcoplasmic reticulum (SR), 
and the sarcolemmal (SL) Na'^/Ca^^ 
exchanger and Ca^^ ATPase. As the cytosolic 
calcium is removed, the actin-myosin cross- 
bridges release, myofilament active tension 
in the shortening direction decreases, and 
the compressed titin expands and lengthens 
the cell. The movement of calcium through 
the calcium-handling subcellular 
organelles during excitation-contraction 
and repolarization-relaxation is illustrated 
earlier in this atlas. The rapid relengthening 
at the cellular level imparts an elastic recoil 
or restoring force to the left ventricular (LV) 
wall that creates an LV suction effect that 
draws blood across the mitral valve. In late 
diastole, LV passive stiffness and left atrial 
contraction are the major determinants of 
LV filling. 
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Figure 15-4. The role of titin in diastolic function. Titin is a 
protein that plays a critical role in diastolic function by functioning 
as a bidirectional spring located between the myosin thick 
filament and the Z-line. During systolic shortening, titin is 
compressed. At the start of cell relaxation, the compressed titin re- 
expands and generates an intracellular ''restoring force," to restore 
sarcomere length to its diastolic position. This restoring force 




Figure 15-5. Relationship between left ventricular (TV) diastolic 
pressure and pulmonary capillary pressure. Shown here is the 
heart drawn in diastole with the mitral valve open to illustrate that 



creates ventricular elastic recoil that is important in generating a 
negative LV pressure in early diastole to draw blood across the 
mitral valve and facilitate LV filling at low LV and left atrial 
diastolic (filling) pressures. Later in diastole, as the ventricle fills 
and the sarcomeres lengthen, titin is stretched and generates a 
passive force that contributes to LV passive stiffness. {Courtesy of 
Dr. Michiel Helmes and Dr. Douglas Sawyer.) 

the LV, left atrium (LA), and pulmonary veins form a common 
chamber, continuous with the pulmonary capillary bed. Thus, LV 
diastolic pressure determines pulmonary capillary pressure and 
the presence or absence of pulmonary congestion and edema. 

Left ventricular diastolic pressure is determined by the volume 
of blood in the LV during diastole and by LV diastolic disten- 
sibility or compliance. At the onset of diastole, relaxation of the 
contracted myocardium occurs. This is a dynamic process that 
takes place during isovolumic relaxation (between aortic valve 
closure and mitral valve opening) and during early rapid filling of 
the ventricle. The rapid pressure decay, and the concomitant 
"untwisting" and elastic recoil of the left ventricle produce a 
ventricular suction that augments the LA-ventricular pressure 
gradient and thus enhances diastolic filling. During the later 
phases of diastole the normal LV is composed of completely 
relaxed myocytes and is very compliant and easily distensible, 
offering minimal resistance to LV filling over a normal volume 
range. Therefore, LV filling can normally be accomplished by very 
low "filling" pressures in the LA and pulmonary veins, preserving 
a low pulmonary capillary pressure (normal pulmonary capillary 
pressure is < 12 mm Hg), and high degree of lung distensibility. 

A loss of normal LV diastolic relaxation and distensibility, due to 
either structural or functional causes, impairs LV filling, resulting 
in increases in LV diastolic, left atrial, and pulmonary venous 
pressures, which directly increase pulmonary capillary pressure. 
The increase in pulmonary capillary pressure results in pulmonary 
congestion and edema, an increased work of breathing, 
hypoxemia, and the symptom of dyspnea. {Adapted from 
Apstein et al. [1].) 
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Figure 15-7. Effects of exercise and heart failure on early diastolic 
LV filling (LV suction effect). This figure illustrates the effects of 
exercise with and without heart failure on LV filling dynamics. 

A, Recording of left ventricular pressure and left atrial 
pressure (Pla) ^he rate of change of left ventricular volume 
(dV / dt) at rest and during exercise in a normal dog. During 
exercise, minimal left ventricular pressure (arrow) decreases 
without any increase in left atrial pressure. This leads to an 
increase in the peak mitral valve gradient (area between 
and P^y curves) and produces a larger peak filling rate (E). 

B, Effect of heart failure. In a format similar to that of A, data 
are shown at rest and after exercise in a dog following the 
development of congestive heart failure (CHE). CHE was induced 
by several weeks of rapid pacing. During exercise after CHE, 
peak left ventricular filling rate (E wave) increases because of 
an increase in the early transmitral valve pressure gradient. 
However, the gradient is produced by an increase in left atrial 



Figure 15-6. Mechanism of pulmonary edema in congestive heart 
failure. The development of cardiogenic pulmonary edema results 
from an abnormal imbalance of the pulmonary capillary "wedge" 
pressure (PCWP) and the colloid osmotic pressure (COP) at the 
alveolar-pulmonary capillary junction or membrane. The PCWP is 
normally less than 12 mm Hg and tends to move fluid into the 
pulmonary interstitium. Normally the PCWP is more than 
balanced by the COP, whose normal value of 25 to 28 mm Hg 
exceeds a normal PCWP; thus the net normal force balance tends 
to retain fluid in the pulmonary capillaries and the lung 
parenchyma remains dry. When the PCWP exceeds the COP, 
interstitial pulmonary edema occurs and is drained by pulmonary 
lymphatics. Alveolar edema occurs when lymphatic capacity is 
exceeded. With chronic elevation of PCWP, the lymphatic removal 
capacity is enhanced. 
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pressure, instead of a decrease in LV pressure as occurred during 
exercise before CHF, as shown in A. 

Thus, the "LV suction effect" comprises these characteristics: 
the elastic recoil or restoring force contributes to LV pressure 
decay and drives LV pressure below LA pressure in early 
diastole to create a transmitral pressure gradient that provides 
the hydraulic force for early LV filling. In A, during exercise in 
the absence of CHF, the nadir of LV pressure decay (arrow) 
reaches a level of a negative 10 mm Hg. In B, during exercise 
after CHF, the nadir of LV pressure decay (arrow) does not 
fall below a positive 10 mm Hg. Thus, the occurrence of heart 
failure reduced the suction ability of the LV elastic recoil by 
approximately 20 mm Hg. This is an example of CHF caused 
by systolic dysfunction (rapid pacing tachycardia model) 
causing secondary diastolic dysfunction with a loss of the 
force of early elastic LV recoil. (Adapted from Cheng et al. [2,3] 
and Little and Cheng [4].) 
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Figure 15-8. Left ventricular filling dynamics. The normal left 
ventricle (LV) has a characteristic pattern of inflow velocities that 
are altered with the development of diastolic dysfunction. This 
figure depicts an idealized change of LV volume versus time 
during systole and diastole. Normally, LV inflow velocity and the 
volume rate of LV filling is greatest early in diastole, immediately 
after mitral valve opening; relatively little LV filling occurs in late 
diastole because most atrial-to-ventricular transfer of blood has 
occurred in early and mid-diastole and the amount of blood 
transported by atrial contraction is relatively small. 

This figure shows an idealized plot of left ventricular volume 
versus time (top) and the rate of change of volume (dV/dt) versus 
time (bottom) as might be obtained from radionuclide ventricu- 
lography. The representative cardiac cycle begins at end diastole. 
Subsequent events as depicted by the bars in the center of the 
figure include 1) systole, during which left ventricular volume 
decreases to a minimum; and 2) diastole, the beginning of which is 
signaled by the opening of the mitral valve and the onset of left 
ventricular filling. Diastole has three distinct phases in normal 
individuals: 1) the rapid filling phase (RTF) during which the 
LV fills rapidly, dV / dt reaches its maximum, the peak filling 
rate occurs; 2) diastasis (D) during which relatively little left 
ventricular volume change occurs; and 3) atrial systole (AS), in 
which active atrial contraction fills the LV to its end-diastolic 
volume. The diastolic parameters that have been derived from 
such analysis are the peak filling rate, the time to peak filling rate 
(TPFR), the percent contribution of atrial systole, and the first third 
filling fraction. (Adapted from Labovitz and Pearson [5].) 
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Figure 15-9. Effect of exercise on left 
ventricular (LV) filling dynamics in normal 
humans. These time-activity curves 
illustrate the effect of exercise tachycardia 
on indices of LV diastolic filling in a normal 
subject. Two time-activity curves obtained 
under resting conditions are shown (left) at 
two different resting cycle lengths (RR 
intervals). Differences in resting cycle length 
are buffered by changes in the diastasis 
interval, with little change in the charac- 
teristics of the rapid filling phase as 
assessed by peak filling rate (PER) and time 
to peak filling rate (TPER). During 
submaximal and then maximal exercise 
(right), with reduction of cycle length and 
disappearance of the diastasis period, 
diastolic indices become highly sensitive to 
heart rate fluctuations. Peak filling rate and 
time to peak filling rate change substantially 
between cycle lengths of 586 msec (heart 
rate, 102) and 547 msec (heart rate, 110). 

EDV — end-diastolic volume; EE — ejection 
fraction. (Adapted from Bonow [6].) 
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Figure 15-10. Pressure-volume (P-V) loops from a normal 
conscious dog during rest and exercise. The arrow denotes the 
decreased minimal left ventricular (LV) pressure and increased 
elastic recoil during exercise leading to a maintained filling 
volume at normal pressure despite a decreased filling time. 
Therefore, the higher flow velocities were achieved by a higher 
pressure gradient due to a lower LV pressure, thus maintaining 
the integrity of the lungs. {Adapted from Cheng et al [7].) 




Figure 15-11. Left ventricular (LV) diastolic suction in normal 
humans. This figure shows the LV diastolic pressure-volume (P-V) 
relationship in a patient without significant cardiovascular disease. 

A, Diastolic P-V relations are shown during atrial pacing (AP) and 
during isoproterenol at similar heart rates (130 beats per minute). 
With pacing, LV pressure declines throughout most of the filling 
period. With isoproterenol, pressure fall is complete early in diastole 
with the subsequent development of negative diastolic pressure. 

B, Baseline (basal) and isoproterenol data are compared. The 
contours of the filling portion of the curves are similar, but the extent 
of pressure fall during isoproterenol (from a smaller end-systolic 
volume) is greater, resulting in negative diastolic pressure. The P-V 
loops were obtained with simultaneous radionuclide angiography 
and a micromanometer-tipped LV catheter. {Adapted from Udelson 

et al [8].) 
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Figure 15-12. Assessment of LV diastolic 
function by Doppler echocardiography 
Transmitral and pulmonary venous flow 
patterns. A, Early diastolic (E) and atrial 
filling velocity (A). B, Pressure half-time 
(PTq 5 ). C, The pulmonary vein flow pattern 
(PV): atrial flow reversal (Pva), early systolic 
(PVsl), and midsystolic (PVs2) flow 



velocity as well as diastolic flow velocity (PVd). PVa dur represents the duration of atrial 
flow reversal. 

Left ventricular (LV) diastolic function can be assessed by Doppler echocardiography 
and analysis of the transmitral and pulmonary venous flow patterns. The normal patterns 
are illustrated in this figure. Normally, LV inflow velocity and the volume rate of LV filling 
is greatest early in diastole, immediately after mitral valve opening, and is responsible for 
the normally tall E wave of the Doppler echocardiogram. Relatively little LV filling occurs 
in late diastole because most atrial-to-ventricular transfer of blood has occurred in early 
and mid-diastole. The amount of blood transported by atrial contraction is relatively small, 
the velocity imparted by the atrial contraction (the A wave of the Doppler echocardiogram) 
is relatively low, and the normal E/ A wave ratio is greater than 1, and approaches a value 
of 2 in younger individuals. 

With the diastolic dysfunction that accompanies ischemia and/ or hypertrophy, myo- 
cardial relaxation is characteristically impaired and the rate and amount of early diastolic 
LV filling is reduced with a resultant shift of LV filling to the later part of diastole. The 
Doppler E wave is decreased. The hemodynamic load on the atrium is increased, and atrial 
contraction makes a more important contribution to ventricular filling than in normal 
subjects. This is reflected by an increase in the Doppler A wave, and decrease in the E/ A 
ratio. The chronic atrial overload often eventually results in atrial fibrillation, and the loss 
of atrial contraction can dramatically reduce LV filling, left atrial emptying, and LV stroke- 
volume. The redistribution of filling from early to late diastole also means that LV filling 
and left atrial emptying are compromised more in patients with diastolic dysfunction than 
in normal subjects by the occurrence of tachycardia; an increased heart rate shortens the 
duration of diastole and truncates the important late phase of diastolic filling. TVl-tot — 
total time-velocity integral; TVI-33% — first third filling fraction; TVl-E, TVI-A — time- 
velocity integrals of E and A waves, respectively. {Adapted from Mandinov ct at. [9].) 




Figure 15-13. Doppler transmitral {upper tracing) and pulmonary {lower tracing) venous flow 
patterns with diastolic dysfunction. The transmitral velocity pattern provides valuable 
information regarding LV diastolic function. In healthy young individuals, most diastolic 
filling occurs early in diastole so that the E/A ratio is greater than 1. When relaxation is 
impaired, early diastolic filling decreases, and more blood is transported late in diastole by 



atrial contraction; this is reflected by a 
reversed E/A ratio (E/ A < 1, or ''delayed 
relaxation pattern"), increased deceleration 
time, and increased isovolumic relaxation 
time (IVRT). With disease progression, LV 
compliance decreases, and filling pressure 
(LV and left atrial diastolic pressure) increases 
with the effect of increasing early LV filling 
("pseudonormalization pattern" with E/A > 
1). This pattern results from abnormalities of 
both relaxation and compliance, and is 
distinguished from a normal filling pattern 
by a shortened early deceleration time. With a 
severe decrease in LV compliance, left atrial 
pressure becomes markedly elevated, and 
this maintains diastolic filling that results in a 
"restrictive" pattern with E/A greater than 1. 
PVa — atrial flow reversal; PVd— diastolic 
flow velocity; PVs — midsystolic flow velocity. 
{Adapited from Mandinov et al. [9].) 



ATLAS OF HEART FAILURE: CARDIAC FUNCTION AND DYSFUNCTION 

278 





Pathophysiology of LV Diastolic Dysfunction 
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Figure 15-14. Factors that contribute to diastolic dysfunction. 
Structural or compositional factors. Fibrosis and myocyte hypertrophy 
are the two most common and important structural or compositional 
abnormalities that increase resistance to filling. Myocardial fibrosis 
commonly is present in coronary artery disease, left ventricular 
hypertrophy (LVH), and with dilated cardiomyopathy from almost any 
cause. The scarring that follows myocardial infarctions can be regional 



or diffuse depending on the distributions, size, and numbers of the 
infarcts and whether they are transmural or subendocardial. Diffuse 
interstitial fibrosis is common when LVH occurs in response to a 
pressure overload such as hypertension or aortic stenosis. Several 
mechanisms may contribute to the interstitial fibrosis of LVH including 
a "compensatory response" to tether myocytes subjected to increased 
wall stress, a response to the recurrent ischemia and/ or hypoxia that 
occurs in the hypertrophied myocardium, the replacement of necrotic 
myocytes, and hormonal factors (angiotensin; nitric oxide deficiency). 
Rarer causes of myocardial fibrosis include hemochromatosis and 
sarcoidosis. Cardiac amyloid deposition and myocardial edema are 
other compositional alterations that increase resistance to filling. 
Additional factors now shown in the figure include vascular 
turgidity, extrinsic factors, and ventricular interaction. 

Vascular turgidity. The myocardium is a richly vascular tissue. 
Increased pressure and volume in the coronary arteries or veins 
increase vascular turgidity and LV chamber stiffness. 

Extrinsic factors and ventricular interaction. Resistance to ventricular 
filling can also come from the pericardium, or from increased pleural or 
mediastinal pressure. The pericardium may be fibrotic or calcified and/ or 
contain an effusion large enough to impair ventricular filling. Even a 
normal pericardium can impair LV diastoUc filling by a mechanism of 
ventricular interaction in which right ventricular dilation results in 
pericardial constraint of the LV. An increase in right ventricular diastolic 
pressure and/ or volume can also contribute to LV diastolic dysfunction 
by resisting interventricular septal movement during LV filling. {Adapted 
from Braunwald et al [10].) 




Figure 15-15. Marked LV hypertrophy (LVH). Shown is a cross- 
section through the left ventricle of a case of marked concentric 
LVH. The marked increase in muscle mass and streaks of fibrosis 
make it easy to envision how such a ventricle would have an 
increased resistance to filling. {From Becker and Anderson [11]; 
with permission.) 
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Figure 15-16. {See Color Plate) Pathologic hypertrophy and cardiac interstitium. These are 
photomicrographs of normal and hypertensive human left ventricles. The picrosirius 



polarization technique is used to highlight 
fibrillar collagen in birefringent red, green, 
and yellow. A, The small amount of normal 
fibrillar collagen present in the interstitium 
and adventitia of intramyocardial vasculature 
is shown (magnification, X 40). B, The diffuse 
fibrous tissue response that occurs with 
hypertensive LV hypertrophy. This marked 
increase in fibrillar collagen contributes 
importantly to the increased resistance to 
filling and resultant diastolic dysfunction in 
patient with concentric LVH secondary to 
hypertension (magnification, X 10). {From 
Weber and Brilla [12]; with permission.) 



examples of a normal {left), a dilated cardiomyopathy with systolic 
dysfunction {center), and a concentric LVH with ''pure" (strain- 
independent) diastolic dysfunction {right). The thin lines indicate 
the extent of wall motion during systolic contraction. 

Systolic dysfunction {center) is characterized by a reduced extent of 
contraction, a decreased ejection fraction, and LV dilation. Strain- 
dependent diastolic dysfunction occurs when dilated ventricles with 
systolic dysfunction approach their limit of dilation and distensibility, 
and resistance to diastolic filling Increases. Thus many patients have 
both systolic and diastolic dysfunction. 

Pure diastolic dysfunction {right), without systolic dysfunction, 
commonly occurs with concentric LV hypertrophy (LVH), and is 
associated with a normal or supernormal extent of contraction 
and ejection fraction. An increased resistance to diastolic filling 
results from the increased mass itself, impaired relaxation of the 
hypertrophied myocytes, interstitial fibrosis, and subendocardial 
ischemia, which is often present with concentric LVH. Diastolic 
dysfunction can occur in the absence of LVH with myocardial 
infiltrative or fibrotic disease processes. The increased resistance 
Figure 15-17. Typical LV geometry with systolic and diastolic to filling results in elevated LV diastolic (filling) pressures that 

dysfunction. This figure illustrates the LV long axis view in are transmitted to the pulmonary capillaries and can cause 

diastole (note open mitral valve and closed aortic valve) of pulmonary edema. 






Figure 15-18. Hemodynamic differences between left ventricular systolic and diastolic 
dysfunction. A, Systolic performance is plotted against an index of end-diastolic fiber 
strain {ie, end-diastolic pressure). Point A defines the coordinate of a normal ventricle. 
If this heart were subjected to an excessive volume load, the coordinates of systolic 
performance and end-diastolic pressure would move up along the curve to point B; 



thus the signs and symptoms of congestive 
failure would exist in the presence of 
normal systolic performance. The lower 
curve represents a typical patient with 
dilated cardiomyopathy; point C indicates 
the coordinate of an untreated patient with 
systolic and diastolic dysfunction. Diuretic 
therapy might cause a transition to point D 
(isolated systolic dysfunction), in which 
the patient would no longer exhibit venous 
congestion or diastolic dysfunction. 

B, Diastolic pressure-volume relations. 
The slope of a tangent to this nonlinear 
relation represents chamber stiffness 
(dP/ dV). Point A defines the coordinate of 
a normal heart. A volume load causes a 
strain-dependent increase in chamber 
stiffness (a shift from point A to pwint B^). 
In the second example (B 2 ), filling 
pressure is increased, but end-diastolic 
volume and muscle strain are normal; this 
is a typical example of increased chamber 
stiffness that is strain-independent. 
{Adapted from Levine and Gaasch [13].) 
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Figure 15-19. Left ventricular pressure-volume (P-V) loops with 
systolic and diastolic function. A, Pure diastolic dysfunction. 
Different types of diastolic dysfunction are illustrated by 
schematic LV P-V loops. Shown are two examples of the two types 
of diastolic dysfunction, strain-independent and strain-dependent, in 
the setting of normal systolic function. The terms "pure" or 
"isolated" diastolic dysfunction indicate the absence of systolic 
dysfunction. The dashed line in the left panel (P-V loop A) shows 
strain-independent diastolic dysfunction: the diastolic portion of the 
P-V loop is shifted upward {dashed line) so that diastolic pressure is 
increased relative to a given volume. A common cause of strain- 
independent diastolic dysfunction is concentric LVH due to chronic 
hypertension or aortic stenosis. Chronic constrictive pericardial 
disease is a rarer cause. The right panel (P-V loop B) shows strain- 
dependent diastolic dysfunction. The P-V loop has shifted 
rightward because of an increase in diastolic volume that imparts 
an increase in length or strain to the myofibrils during diastole. 
Diastolic filling pressures and LV diastolic chamber stiffness 
{ie, the slope or the P-V curve) are increased because of this 
volume or strain increase. A typical example of pure strain- 
dependent diastolic dysfunction is a case of intravenous volume 
overload in a patient with normal systolic function. In such a case, 
restoration of a normal LV volume will restore the P-V loop to its 
normal position and reverse the strain-dependent diastolic 
dysfunction. An acute, reversible rightward shift of the P-V loop 
needs to be distinguished from a chronic volume overload that 
increases LV volume by a process of remodeling with resultant 
chronic LV dilation (see right panel). 

B, Combined systolic and diastolic dysfunction. Loop C 
represents a normal P-V loop. Loop E, with the diastolic portion 
inscribed by the solid line and lying on the extended normal P-V 
curve, illustrates strain-dependent diastolic dysfunction in 
combination with systolic dysfunction, such as could occur in a 
case of acute myocarditis in a previously normal ventricle. The 
decreased loop area and rightward shift are characteristic of 
systolic dysfunction. The diastolic portion of the P-V loop falls 
along an extended normal LV diastolic P-V curve, ie, a diastolic 
P-V curve that would be recorded from an acute increase in 
LV volume without chronic LV dilation. Movement of loop E 
rightward from the normal loop C position indicates an increase 
in LV volume and diastolic filling pressures. Because the diastolic 
pressure-volume relation is curvilinear, its slope increases as 



volume increases, reflecting an increase in chamber stiffness 
and increased resistance to LV filling at larger LV volumes. 

The dashed line diastolic portion drawn in loop E illustrates a 
case in which both strain-dependent and strain-independent 
diastolic dysfunction occur in the setting of acute systolic 
dysfunction. An example of this combination could be a large 
acute myocardial infarction that resulted in acute systolic 
dysfunction and LV dilation, rightward loop movement, and 
strain-dependent diastolic dysfunction; in addition, myocardial 
ischemia could cause superimposed strain-independent diastolic 
dysfunction, which shifts the diastolic P-V loop portion upward 
as indicated by the arrow and dashed line. 

Loop D represents a case of pure systolic dysfunction in which 
LV diastolic volume is not increased enough to increase LF end- 
diastolic pressure significantly. Loop D could result from 
appropriate therapy to reduce LV volume and preload in the 
acute myocarditis example of loop E. Such treatment would 
alleviate the strain-dependent diastolic dysfunction, but the 
systolic dysfunction would persist as indicated by the rightward 
shift and the abnormally low area of loop D. 

Loops F and G represent chronically remodeled ventricles with 
chronic volume overload from valvular insufficiency or chronic LV 
dilation from dilated cardiomyopathy. In loop F, LV volume is 
abnormally large, but because the ventricle is chronically dilated, 
the P-V curve is flatter than normal, and a normal or reduced LV 
diastolic chamber stiffness is present. Thus, in loop F, diastolic 
dysfunction is absent, and the chamber operates at a normal 
compliance, despite chronic LV dilation. Systolic dysfunction is 
indicated by the reduced PV loop area and rightward shift. Loop 
G represents a case in which acute strain-dependent diastolic 
dysfunction has been superimposed on a chronically dilated 
ventricle. Such a case could occur when a patient with dilated 
cardiomyopathy and "compensated" congestive heart failure 
discontinues diuretic and vasodilator therapy and LV volume 
increases acutely; clinical "decompensation" then follows as 
strain-dependent diastolic dysfunction occurs. Loop G is also 
characteristic of a patient with dilated cardiomyopathy and 
combined systolic and diastolic dysfunction prior to any therapy. 
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Figure 15 - 20 . Causes of LV diastolic dysfunction. The most dysfunction is concentric TV hypertrophy from hypertension, 

common cause of ''pure" (strain-independent) diastolic Ml — myocardial infarction. {Adapitcd from Levine and Gaasch [13].) 
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Figure 15 - 21 . Diastolic dysfunction reflected in the pressure- 
volume relation. This figure illustrates the mechanisms that 
cause diastolic dysfunction. Only the bottom half of the 
pressure-volume loop is depicted. Solid lines represent normal 
subjects; dashed lines represent patients with diastolic 
dysfunction. {Adapted from Zile [14].) 




Figure 15 - 22 . The diastolic pressure-volume (P-V) relation with 
different types of heart disease. This figure shows the diastolic P-V 
relationship in a control (C) subject and a patient with aortic 
stenosis (AS), aortic insufficiency (Al), and hypertrophic cardio- 
myopathy (HCM), respectively Note that the P-V relation is 
shifted upward in the AS patient but even more in the patient 
with HCM, whereas the curve is shifted to the right in the volume 
overload hypertrophy (Al). The calculated slope of the P-V 
relation represents the constant of chamber stiffness. Chamber 
stiffness is increased in AS and HCM (decreased compliance), 
whereas stiffness is decreased in chronic volume overload (Al) due 
to LV remodeling with an increase in chamber size (increased 
compliance). {Adapted from Mandinov et al [9].) 
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DIASTOLIC DYSFUNCTION: PARAMETERS AND ETIOLOGY 
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Figure 15-23. Parameters and causes of 
diastolic dysfunction. IVRT — isovolumic 
relaxation time; LV — left ventricular; 

LVH — left ventricular hypertrophy; 

MI — myocardial infarction; P-V — pressure- 
volume. (Adapted /rom Apstein et al. [1].) 




Figure 15-24. Effect of exercise on pulmonary capillary pressure 
in patients with diastolic dysfunction. This figure plots pulmonary 
capillary wedge pressure versus left ventricular (LV) end-diastolic 
volume. Arrows indicate the changes from rest to peak exercise in 



patients and control subjects during symptom-limited upright 
bicycle exercise. 

The patients in this study had severe clinical heart failure 
(New York Heart Association class III or IV), but normal systolic 
function, ie, normal ejection fractions, and no significant valvular, 
pericardial, or coronary artery disease. Most had concentric LV 
hypertrophy secondary to hypertension, but four elderly patients 
had only chronic hypertension. These patients were compared 
with age- and gender-matched controls during symptom-limited 
upright bicycle exercise. 

The controls {closed boxes) had more distensible left ventricles at 
rest, as manifested by a lower pulmonary capillary wedge pressure 
(PCWP) at a larger LV end-diastolic volume (LVEDV). During 
exercise, the control subjects increased their LVEDV, consistent with 
utilization of the Frank-Starling mechanism, and the increase in 
LVEDV was associated with a modest and proportional increase in 
PCWP that stayed within normal range. 

In contrast, during exercise the patients with diastolic dysfunction 
{open boxes) did not increase their LVEDV, ie, they were unable to 
utilize the Frank-Starling mechanism, presumably because their stiff, 
nondistensible ventricles resisted any increase in end-diastolic 
volume. Rather, during exercise in these patients, the PCWP 
increased markedly to pulmonary edema levels. This dramatic 
increase in PCWP, undoubtedly reflecting a comparable increase in 
LV diastolic pressures, suggests a very stiff ventricle that is unable to 
accommodate even a small increase in volume. Alternatively, the 
marked increase in PCWP suggests the occurrence of suben- 
docardial ischemia and an "exaggerated" impairment of diastolic 
relaxation of the hypertrophied myocardium secondary to ischemia. 
{Adapted from Kitzman et al [15].) 
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Diastolic Dysfunction with Ischemia, 
Hypertrophy, and Other Causes 



mean diastolic pressure was approximately 
30 mm Hg. Such an increase in LV diastolic 
pressure would cause significant 
pulmonary congestion. 

This upward shift of the LV diastolic P-V 
curve, and the consequent pulmonary 
congestion during exercise-induced 
ischemia, explains why many patients with 
coronary disease have respiratory 
symptoms together with their anginal pain, 
often complaining of wheezing, chest 
tightness, inability to take a deep breath, or 
shortness of breath. Such respiratory 
symptoms may occur in the absence of 
anginal pain and are often referred to as 
'"anginal equivalents." Often these 
"anginal" symptoms are quite similar to 
symptoms of heart failure, which is not 
surprising because the responsible 
mechanism is an increase of pulmonary 
capillary pressure in both cases. Airway 
resistance and lung compliance decrease 
during an anginal episode concomitant with 
the increase in LV diastolic chamber 
stiffness and LV diastolic pressure. This 
upward shift of the LV diastolic P-V curve 
was completely reversible with recovery 
after exercise. 

Effect of healed infarction (scar). The 

right panel reports the LV diastolic P-V 
curves in patients with a healed myocardial 
infarction but without exercise-induced 
ischemia. Such patients lost the early 
diastolic increase in distensibility during 
exercise that was seen in the control 
patients, so that LV diastolic filling was not 
facilitated by an increase in distensibility. 
Because exercise-induced ischemia did not 
occur, there was no upward shift of the LV 
diastolic P-V curve. {Adapted from Carroll 
et al [16,17] and Pepine and Wiener [18].) 

The P-V curve at rest was similar to that of the control patients, but with exercise a 
marked upward shift occurred, such that LV end-diastolic pressure was 40 mm Hg and 




Figure 15 - 25 . Effect of exercise, ischemia, and infarction on the diastolic pressure-volume 
(P-V) relationship. This figure reports LV diastolic P-V curves in the three patient groups at 
rest and during exercise. The simultaneous measures of LV diastolic pressure and volume 
define LV distensibility or compliance or chamber stiffness. In normal patients ("Control") 
during the rest state, LV pressure was approximately 9 mm Hg in early diastole, and 
increased to about 15 mm Hg at end-diastole. Exercise caused a marked downward shift of 
the LV diastolic P-V curve in early diastole, and a lesser decrease of mean LV diastolic 
pressure relative to the rest state. During exercise, these control patients increased their 
cardiac output three- to fourfold. Because of this physiologic increase in LV diastolic disten- 
sibility, the increase in cardiac output was accomplished without an increase of LV diastolic 
pressure and pulmonary capillary pressure. This increase in measured early diastolic 
distensibility results from the elegant mechanisms that ensure that cardiac Input keeps pace 
with cardiac output during exercise with preservation of a low pulmonary capillary 
pressure. To increase systolic function during exercise, the (B-adrenergic system increases 
cAMP levels to increase systolic calcium entry and sarcoplasmic reticulum calcium release, 
with a consequent increase in contractility, systolic fiber shortening, and compression of 
titin. But the rate of diastolic SR calcium reuptake is also accelerated by the cAMP increase, 
and the greater extent of systolic fiber shortening results in an increased early diastolic 
recoil mechanism, decreasing intra-LV pressure in early diastole, to "pull" blood into the 
LV and facilitate LV filling. These mechanisms result in an increase in measured LV disten- 
sibility during exercise in normal patients, manifested by a downward shift of the LV 
diastolic P-V curve during early diastole, in the control panel (left) of this figure. 

Effects of ischemia. The middle panel reports the LV diastolic P-V curve in patients with 
coronary artery disease who developed angina and ischemia with exercise. 
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Figure 15-26. Effect of ischemia on LV pressure-volume (P-V) relation. The classic P-V 
shift of ischemia is shown by this patient with coronary disease who had ischemia during 
exercise. At all diastolic volumes, pressure is clearly elevated versus the resting 
coordinates. {Adapted from Carroll and Carroll [19].) 
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Figure 15-27. Six left ventricular diastolic-volume plots from 
different patients with coronary artery disease illustrate some of 
the heterogeneity seen with ischemia. By end-diastole, some 
patients, eg, those represented in the middle panel lower row, have 
little or no shift in their diastolic pressure-volume relation. The 
open circles are during exercise-induced ischemia. The closed circles 
are at rest. {Adapted from Carroll and Carroll [19].) 
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Figure 15-28. Left ventricular diastolic pressure-volume (P-V) and 
pressure-length relations before and after pacing-induced angina 
pectoris. In the postpacing state {left panel), diastolic P-V 
coordinates are shifted upward. The pressure-length analysis 



{middle and right panels) reveals that the nonischemic myocardial 
fibers lengthen along the same pressure-length curve; by contrast, 
there is a marked stiffening of the myocardium in the ischemic 
segment. {Adapted from Sasayama et al [20].) 
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Figure 15-29. Increased calcium and decreased ATP as potential 
causes of acute ischemic diastolic dysfunction. There is a 
synergistic interaction between an increase in cytosolic calcium 
and a decrease in ATP availability to increase diastolic myo- 
filament tension. This figure illustrates how an increased cytosolic 
calcium level or a decrease in ATP availability can directly increase 



diastolic myofilament tension and cause or exacerbate ischemic 
diastolic dysfunction. 

An increase in diastolic calcium can directly increase diastolic 
myofilament tension by binding to troponin C and/or can 
accelerate a decrease in ATP levels by activating a number of 
myocyte calcium ATPases. A decrease in ATP availability can 
directly increase diastolic tension by decreasing the rate or amount 
of actomyosin dissociation from the rigor complex state. A 
decrease in ATP availability can also impair the calcium removal 
from the cytosol by the sarcolemmal and sarcoplasmic reticular 
calcium ATPases. A decrease in ATP availability can also decrease 
the sarcolemmal sodium-potassium ATPase (sodium pump) 
activity, resulting in an increase in intracellular sodium, which 
increases intracellular calcium by means of sodium-calcium 
exchange. Thus, either cytosolic calcium overload or a decrease in 
ATP availability can initiate a vicious cycle of calcium- ATP 
interactions that are synergistic in causing or exacerbating 
diastolic dysfunction. {Adapted from Apstein ct al. [1].) 
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Figure 15-30. Prevention of ischemic diastolic dysfunction with 
increased glycolytic substrate. These graphs show left ventricular 
developed pressure, TV diastoHc pressure, and lactate production of 
isolated isovolumic erythrocyte-perfused rabbit hearts exposed to 150 
minutes of low-flow ischemia and 30 minutes of reperfusion, 
simulating an evolving myocardial infarction followed by reperfusion. 
After reduction of coronary perfusion pressure from 100 to 8 mm Hg, 
coronary blood flow decreased to 11% to 13To of initial flow and a 
prompt decrease of developed pressure occurred. In the control group 
(controls: n = 8; open cireles) glycolytic flux, as assessed by lactate 
production started to decrease after 30 minutes of low-flow ischemia 
concomitant with the decrease in developed pressure and the increase 
in diastolic pressure, which reflected an increase in diastolic chamber 
stiffness. In contrast, when glycolytic flux was enhanced by high 
glucose and insulin infusion (G + 1; // = 8; closed cireles) hearts 
maintained an increased lactate production throughout the ischemic 
period and showed a greater lactate washout during reperfusion. No 
increase in diastolic pressure occurred in G + 1 hearts during ischemia 
and hearts showed a better recovery of diastolic and systolic function 
during reperfusion. The G+I hearts had higher levels of ATP during 
ischemia, suggesting that a decrease in ATP is linked to the occurrence 
of acute ischemic diastolic dysfunction. {Adapted from Eberli ef al. [21].) 
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Figure 15-31. Lack of direct role for calcium 
in ischemic diastolic dysfunction. The effect of 
experimental calcium overload and of the 
calcium chelator, EGTA, on systolic pressure 
{top line) and diastolic pressure {bottom line) is 
shown during 60 minutes of low-flow 
ischemia in isovolumic rabbit hearts. The 
control group {n = 6) received 0.08 mL Na Cl 
0.09% at 5, 15, 30, and 45 minutes {arrows), 
resulting in no change in hemodynamics. 
Experimental calcium overload (T Calcium) 
increased systolic pressure in the calcium 
group perfused at constant coronary perfusion 
pressure (CPP) {n = 6) and in the calcium 
group perfused at constant coronary blood 
flow (CBF) {n = 7) but did not increase 
diastolic pressure. EGTA bolus had a negative 
inotropic effect and no significant effect on 
isovolumic diastolic pressure {n = 6). 
Therefore, experimental calcium overload did 
not worsen and calcium removal did not 
attenuate the ischemic diastolic chamber 
stiffness increase. These results suggest that 
acute ischemic diastolic dysfunction is not 
directly mediated by a calcium activated 
tension. Asterisks indicate P < 0.01 vs prein- 
tervention. Daggers indicate P < 0.01 vs 
control. {Adapted from Eberli et al. [22].) 
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Figure 15-32. Exaggerated ischemic diastolic dysfunction with LV 
hypertrophy. Shown are the effects of low-flow global ischemia on 
LV end-diastolic pressure (LVEDP) in isolated isovolumic blood- 
perfused hearts from aortic-banded rats (LVH) and control (C) 
rats. The ischemic increase in isovolumic LVEDP was earlier and 
more severe in the hypertrophied hearts compared with controls 
despite similar levels of coronary flow per gram and myocardial 
ATP depletion. {Adapted from Lorell et al. [23].) 
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Figure 15-33. Interactions among LV 
hypertrophy (LVH), ischemia, and diastolic 
dysfunction. Ischemia and LVH can each 
cause diastolic dysfunction {arrows A and B). 
The presence of LVH predisposes to 
ischemia {arrow C). Hearts with LVH 
develop worse acute ischemic diastolic 
dysfunction than nonhypertrophied hearts, 
and the resultant exaggerated acute 



ischemic diastolic dysfunction is superimposed on the stiff ventricle of LVH, resulting in a 
marked resistance to LV filling {thick arrow D). This exaggerated acute ischemic impairment 
of LV relaxation in the hypertrophied ventricle can markedly increase LV diastolic pressure, 
and exacerbate subendocardial ischemia by compression of the subendocardial vasculature 
{arrow E). Thus a vicious cycle is created in which LVH predisposes to ischemia, the 
ischemia causes an exaggerated impairment of relaxation in the heart with LVH, and this in 
turn worsens the severity of the subendocardial ischemia. 

Why does LVH predispose to ischemia? Several mechanisms appear to be responsible. 
There is inadequate coronary growth relative to muscle mass and a resultant decreased 
capillary density. The increased wall thickness increases the epicardial-endocardial distance 
resulting in greater transmural dissipation of perfusion pressure and lower subendocardial 
perfusion pressure. Coronary vascular remodeling occurs with increased medial thickness 
and perivascular fibrosis. The increased LV mass and inadequate vascular growth results in 
altered coronary vascular resting tone (loss of coronary vasodilator reserve), so that there is a 
limited ability to increase myocardial perfusion in response to stress and an increase in 
oxygen demand; the vascular remodeling also contributes to the inability to increase coronary 
flow. Patients with chronic hypertension and hypertensive LVH have an increased incidence 
of coronary atherosclerosis. Last, an increased LV diastolic pressure exerts a compressive 
force against the subendocardium and restricts subendocardial perfusion. 




Figure 15-34. Acute increase in LV diastolic stiffness immediately after coronary artery 
bypass surgery. This figure shows the LV diastolic P-V relation of a representative patient 
before (pre) and immediately after (post) coronary artery bypass graft surgery (CABG). 
The pressure area relation is plotted. The pulmonary capillary wedge pressure (PCWP) 
is an index of LV end-diastolic pressure and the LV end-diastolic area determined by 
echocardiography is an index of LV diastolic volume. Thus, two points on the LV diastolic 
P-V curve are represented. Immediately after CABG, the LV end-diastolic area was 
smaller at each pressure level as reflected by a leftward shift of the pressure-area relation, 
indicating an increase in LV diastolic chamber stiffness. A similar leftward shift was 
observed in all 20 patients studied. {Adapted from McKenney et al [24].) 




Figure 15-35. Influence of the pericardium and ventricular 
interaction on diastolic function. This figure shows LV diastolic 
pressure-volume (P-V) relation at varying levels of right 
ventricular filling in the dog. Note the upward shift at higher right 
ventricular volumes. {Adapted from Taylor et al. [25].) 
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Figure 15-36. Effect of increased coronary venous turgor on LV diastolic stiffness. In 
these experiments, coronary venous pressure was increased by increasing the height of a 
blood reservoir connected to a cannula that opened in both the right atrium (RA) and 
right ventricle (RV) of a canine heart. The top panel shows that an increase in the RA-RV 
diastolic pressure over a range of 0 to 30 mm Hg was associated with a parallel upward 
shift of the LV end-diastolic pressure (LVEDP) volume curve. An increase in RA and RV 
diastolic pressures increases intracavitary as well as coronary venous pressures. The lower 
panel reports experiments to assess the effect of an intracavitary increase in RV diastolic 
pressure. In the lower panel, an RV balloon was inflated over a pressure range of 0 to 30 
mm Hg and the effect on the LV diastolic pressure-volume relation was measured. 
Distension of the RV balloon in the lower panel had much less of an effect than that which 
occurred when both the RV cavity and coronary venous pressures were increased, as 
shown in the upper panel. Thus, the difference between the upper and lower panels indicates 
the influence of an increase in coronary venous pressure on left ventricular diastolic 
distensibility. 

These results demonstrate two mechanisms by which an increase in RV and RA 
pressure can increase LV diastolic chamber stiffness. An increase in RV volume to the 
limits of the pericardium can result in pericardial constraint of the LV as illustrated earlier. 
Additionally, because the coronary sinus empties into the RA, an increase in RA pressure 
will increase coronary venous turgor and LV stiffness. The clinical corollary of this 
phenomenon is that venodilators and diuretics that decrease RA and RV volume and 
pressure will improve LV diastolic distensibility and LV diastolic function. {Adapted from 
Watanabe et al. [26].) 




Figure 15-37. Effect of increased coronary arterial turgor due to 
hypertension on LV diastolic stiffness. Isolated blood-perfused 
balloon-in-LV rabbit hearts were perfused at either a normal 
coronary perfusion pressure (CPP) of 70 mm Hg or an elevated 
CPP of 130 mm Hg to simulate severe arterial hypertension. An LV 
diastolic P-V curve was measured by filling of the LV balloon at 
each CPP. LV balloon volumes were normalized to the largest 
volume obtained for each heart; that is, a value of 1.0 was assigned 
to balloon volume at an LV diastolic pressure of 25 mm Hg and a 
CPP of 70 mm Hg. During hypertensive coronary perfusion, the 
P-V curve was shifted significantly leftward, indicating an increase 
in LV diastolic chamber stiffness. At the higher CPP, LV wall 
thickness was also observed to increase by 20% above the value 
at the normal CPP. Thus, arterial hypertension has the effect of 
increasing LV wall turgidity and causing LV diastolic dysfunction. 
{Adapted from Wexler et al. [27].) 
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Aging and Diastolic Dysfunction 




Figure 15-38. Diastolic dysfunction with normal aging. Left 
ventricular (LV) end-diastolic chamber stiffness is increased with 
normal aging. LV diastolic dysfrmction increases with aging in both 
asymptomatic normal elderly people and as a cause of symptomatic 
congestive heart failure in the elderly. This figure reports the LV end- 
diastolic pressure-volume relation in 11 elderly normal (68 ± 5 years) 
and 15 young (31 ± 7 years) normal subjects who were screened by 
cardiac catheterization and were free of coronary artery disease, 
systemic hypertension, LV hypertrophy, or abnormality of LV systolic 
function and who did not have symptoms of congestive heart failure. 
As shown, the LV end-diastolic pressure volume (LV LDP) of the 
elderly subjects was significantly higher than that of the young ones, 
despite a smaller end-diastolic volume mdex (LV EDVI). The dashed 
lines indicate a shift of the pressure-volume relation upward to the 
left in the elderly subjects, indicating a reduction in passive LV 
diastolic compliance or increase in chamber stiffness. Such a shift 
indicates that an increase in pressure is required to distend and fill 
the LV during diastole, especially in late diastole. 

Diastolic dysfunction is a major cause of CHF in the elderly. 
Delayed relaxation and increased LV stiffness both occur with 
normal aging. Hypertension, coronary disease, and diabetes 
frequently contribute to diastolic dysfunction in the elderly. 

{Adapted from Downes et al. [28].) 




Figure 15-39. Delayed left ventricular (LV) relaxation with normal 
aging. Representative transmitral flow velocity patterns are 
shown. A, In the normal young subject, early filling (E wave) is 
more rapid than the late filling resulting from atrial contraction 
(A wave). B, Normal elderly subject. The reverse pattern is seen in 
a normal elderly subject in whom the peak E velocity was smaller 
than the peak A velocity. 

This change in filling pattern implies an increased load on the 
left atrium. Left atrial (LA) contraction normally provides only a 
small contribution to total LV diastolic filling. However, when 
early diastolic filling is reduced, as occurs in the elderly, more of 



the burden of LV filling falls on the left atrium in late diastole. The 
left atrium can serve as a booster pump to maintain LV filling, and 
because LA pressure is only transiently increased during atrial 
contraction, mean LA and pulmonary venous pressures do not 
increase to cause pulmonary congestion. However, greater increases 
in LV stiffiress, or chronic LA overload of long duration can lead to 
increased mean LA and pulmonary-capillary pressures and 
pulmonary congestion in the absence of LV systolic dysfunction; 
such a patient would present with the classic picture of congestive 
heart failure with normal systolic function, zL, primary diastolic 
dysfunction. {From Downes et al. [28]; with permission.) 
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Figure 15-40. Effects of aging on transmitral flow velocity pattern. 
This figure reports the ratio of the peak velocity E/ A (PVEA) of 
left ventricular (LV) filling as a function of age in a population of 
127 randomly selected, rigorously defined, normal subjects from 
the Framingham heart study, evenly distributed by sex and age 
from the third to eighth decade. The solid lines indicate 95% 
confidence limits. With normal aging it is apparent that the pattern 
of diastolic filling shifts from rapid filling in early diastole in 
youth, to delayed filling in late diastole in the elderly. As noted 
previously, this change in filling pattern is associated with an 
increase in passive LV stiffness and probably represents a mild-to- 
moderate level of diastolic dysfunction in these elderly subjects 
despite a lack of symptoms. {Adapted from Benjamin et al. [29].) 
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Figure 15-41. Survival for congestive heart failure (CHE) patients 
with systolic dysfunction (ejection fraction [EE] < 50%), diastolic 
dysfunction (EE > 50%), and an age- and sex-matched population 
without CHE. Either type of CHE had a significantly lower survival 
rate than the CHE-free population; there was no difference in survival 
between these diastolic and systolic dysfunction groups. 

Two recent epidemiologic studies, the Rotterdam study and the 
Olmstead county study, have documented a high prevalence of CHE 
due to diastolic dysfunction among the elderly. All patients receiving 
a first diagnosis of CHE {n = 216) during 1991 in Olmstead county 
were included in this study. The new onset of CHE in the community 
setting largely occurred in the elderly, with a high prevalence of 
diastolic dysfunction. The Rotterdam study surveyed the health of all 
5540 inhabitants of a Rotterdam suburb who were older than 55 years 
of age. Indices of diastolic dysfunction were not measured and the 
presence of diastolic dysfunction was inferred from the combination 
of symptomatic CHE with normal systolic function. This study 
documented a high prevalence of CHE due to diastolic dysfunction 
among the elderly. {Adapted from Senni et al. [30].) 
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Figure 15-42. Structural changes in the normal aging heart that 
may contribute to diastolic dysfunction. {Adapted from Nixon 
and Burns [31].) 
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Figure 15-43. Basic mechanisms of impaired relaxation in the aging 
heart. The relationship between age-associated lusitropic (relaxation) 
impairment, heart rate, and (3-adrenergic stimulation was assessed in 
adult (5 months), old (24 months), and senescent (34 months) isolated 
isovolumic (balloon-in left ventricle) blood-perfused mouse hearts. 
Hearts were paced from 5 to 10 Hz, returned to 7 Hz, exposed to 
isoproterenol, and paced again 7 to 10 Hz. A, The results for end- 
diastolic pressure (EDP). 

B, The time constant of TV relaxation, t. before {open symbols, solid 
lines) and during {closed symbols, dashed lines) isoproterenol admin- 
istration at 5 months {circles), 24 months {triangles), and 34 months 
{squares) of age. 

In this isovolumic model, shift in EDP reflects a change in position 
of the diastolic pressure-volume curve. With increasing heart rate, 
EDP was significantly increased in aU three groups (A). In senescent 



hearts, the increased EDP was greater and occurred at lower heart 
rates than in old and adult hearts. Also the increased EDP in old 
hearts was greater than in adult hearts. The relationship between 
heart rate and t is shown in B. t was significantly prolonged in 
senescent and old hearts, compared with adult hearts, suggestive 
of a decreased LV relaxation rate with age. 

Isoproterenol completely reversed the age-associated lusitropic 
impairments. These data suggest that impaired lusitropy in aging 
mouse hearts is related to a decreased rate of cytosolic calcium 
removal and that accelerating SR calcium reuptake via (3-adrenergic 
stimulation can reverse this impairment. Asterisk indicates P < 0.05 
between groups indicated. Dagger indicates P < 0.05, comparing 
before and during isoproterenol for 5-month-old hearts. Double dagger 
indicates P < 0.05 for 24-month-old hearts. Section symbol indicates 
P < 0.05 for 34-month-old hearts. {Adapted from Lim et al. [32].) 
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Figure 15-44. Calcium handling protein levels in old and senescent 
mouse hearts. The hearts described in Figure 15-43 were analyzed 
for their levels of the major calcium handling proteins, and the 
results are reported here. A, The original Western immunoblots 
against the Na-Ca^^ exchanger (NCX), sarcoplasmic reticulum Ca^^ 
ATPase (SERCA2a), and pentameric form of phospholamban (PLB) 
in 5-, 24-, and 34-month-old hearts. B, The Western immunoblots 
quantification results in 5-month-old, 24-month-old, and 34-month- 
old hearts. Because PLB inhibits SERCA2a, the ratio of the SERCA2a 
to PLB ratio (SERCA2a/PLB) was used as an 
index of SERC A2a activity. All data are 
expressed relative to the 5-month-old hearts. 
Thus, aging was associated with a reduced 
protein level of Na+-Ca^^ exchanger and 
increased phospholamban relative to 
SERCA2a, consistent with the slowed 
relaxation manifested by the old and 
senescent hearts. Asterisks indicate P < 0.05 
relative to 5-month-old hearts. Dagger 
indicates P < 0.05 relative to 24-month-old 
hearts.) {Adapted from Lim et al [32].) 
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Figure 15-45. Effects of senescence on isolated heart cells. 

A, Averaged tracings of percentage cell shortening and [Ca^^]-, 
recorded at 37°C from a representative adult myocyte paced at 2, 4, 
7, and 9 Hz. B, Normalized tracings of cell shortening (top) and 
[Ca^"^]. (bottom) from a representative adult (thick line) and senescent 





(thin line) myocyte paced at 9 Hz. Tracings were normalized to peak 
value to show changes in time course. Cell shortening and [Ca^^]- 
were acquired at 4.2 and 2 ms sampling rates, respectively. To reduce 
the signal-to-noise ratio, each tracing was depicted as an average of 
10 original tracings. (Adapted from Lim et al. [33].) 
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Figure 15-46. Slowed relaxation and calcium reuptake in senescent 
heart cells. A, Time constant (t) of cell relengthening in adult 
(solid line; n = 4) and senescent (dashed line; n = 5) cardiomyocytes 
at increasing pacing rates. B, Time constant (t) of the intracellular 
calcium transient decay in adult (solid line; n = 4) and senescent 
(dashed line; n = 5) at increasing pacing rates. Myocyte data from 
four adult and five senescent hearts were averaged and expressed 
as mean ± SEM. The asterisk indicates P< 0.05 between adult and 



senescent curves. Figures 15-45 and 15-46 illustrate direct cellular 
measurements of impaired calcium handling at higher heart 
rates that correlated with impaired cell relaxation. These results 
are consistent with the whole heart studies illustrated in Figure 
15-43 and 15-44, and they define a basic mechanism that 
contributes to impaired relaxation and early diastolic LV filling 
with aging. (Adapted from Lim et al. [33].) 
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Figure 15 - 47 . Improved left ventricular (LV) filling indices in 
older subjects with exercise training. This figure reports the peak 
early to late (E/ A) velocity ratio for mitral valve inflow in two 
groups of older subjects (60± 6 years), a sedentary group, and an 
exercise group of long-distance runners who ran an average of 
45 miles per week for an average of 15 years. The E/ A ratio was 
significantly higher in the exercise group (P = 0.001). This result 
supports the idea that exercise training can blunt the progressive 
decrease in LV filling indices that occur with aging. {Adapted from 
Takemoto et al. [34].) 




Figure 15 - 48 . Exercise capacity in trained and untrained adult 
(6 months of age) and old (24 months of age) rats. Recent experi- 
mental studies have demonstrated that exercise training of old rats 
can improve their mitral inflow velocity profiles and exercise 
capacity. The training program consisted of 12 weeks of treadmill 
training (45 minutes per day, 5 days per week) compared with a 
sedentary cage life. In the absence of exercise training, the old rats 
had less exercise capacity than the adults. After exercise training, 
the old rats improved significantly and were comparable with the 
untrained adults, but the trained adults had the greatest exercise 
capacity. The 12 weeks of exercise training significantly increased 
maximal exercise capacity, defined as time to exhaustion on a stan- 
dardized running protocol, in both age groups. 

The exercise training produced a parallel response in left vent- 
ricular relaxation as assessed by mitral valve inflow velocities. 

With age, the early to late (E/ A) wave ratio was decreased, but this 
index improved significantly, especially in the old rats. These 
results suggest that exercise training has the potential to improve 
diastolic function and exercise capacity in elderly individuals. 

(P< 0.01 for effect of age; P< 0.01 for effect of training; P < 0.04 for 
interaction.) {Adapted from Brenner et al. [35].) 
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Figure 15 - 49 . Chronic exercise improves 
relaxation in senescent rat hearts. Left 
ventricular (LV) trabeculae carnae muscle 
strips from adult (A) (3 to 4 month old) and 
senescent (S) (18 to 19 month old) rats, who 
underwent an 18- to 22- week exercise 
training program (E), or were sedentary 
controls (C). This figure reports results for 
the parameters of time to peak tension 
(TPT), time for 50To relaxation (RT 1/2), 
and contraction duration (CD) over a range 
of muscle lengths (Lmax). 

Diastolic function is assessed by RT 1/2. 
Note that the time for 50% relaxation 
(RT 1/2) is prolonged for the senescent 
sedentary controls (SC). Chronic exercise 
training effectively reduced the slowed 
relaxation of the SC group and abolished the 
age difference among groups. This result 
shows that the effectiveness of exercise in 
modifying relaxation rate is highly depen- 
dent on the age of the animal, and that the 
slow relaxation that is characteristic of the 
senescent heart is not fixed, but can be 
modified by a mild chronic exercise 
protocol. {Adapted flvm Spurgeon et al. [36].) 
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Figure 15-50. Enhanced calcium uptake of cardiac sarcoplasmic 
reticulum in exercise-trained old rats. This figure reports the rate of 
calcium transport by cardiac sarcoplasmic reticulum from sedentary 
mature (SM), sedentary old (SO), and chronically exercised old (EO) 
rat hearts. Chronic exercise improved calcium transport as indicated 
by the shift from SO to EO. There was a parallel improvement in 
muscle relaxation of isolated papillary muscle strips from these 
groups. Thus, an increased calcium transport by the cardiac 
sarcoplasmic reticulum may be one of the potential mechanisms 
underlying the improvement of myocardial relaxation with chronic 
exercise initiated during senescence. Asterisk indicates P < 0.05; SM 
or EO > SO. {Adapted from Tate et al [37].) 



Clinical Features, Prognosis, and Treatment 



COMMON CLINICAL FEATURES 
OF PURE DIASTOLIC 
DYSFUNCTION 



Pulmonary congestion with a normal 
ejection fraction 

Left ventricular hypertrophy 
Myocyte hypertrophy and 
interstitial fibrosis 
Exacerbation by ischemia 
Hypertension (current or historicab 

Responsible for 30% to 50% 
of CHF cases 

Increased prevalence in the elderly 

Common immediately after 
cardiac surgery 



Figure 15-51. Common clinical features 
of pure (strain-independent) diastolic 
dysfunction. CHF — congestive heart failure. 




Figure 15-52. Natural history of diastolic heart failure. Abnormal relaxation and 
increased stiffness are associated with diastolic filling abnormalities and normal exercise 
tolerance in the early phase of diastolic dysfunction. When the disease progresses, 
pulmonary pressures increase abnormally during exercise with reduced exercise 
tolerance. When filling pressures increase further, left atrial pressure and size increase and 
exercise tolerance falls with clinical signs of congestive heart failure (CHF). {Adapted from 
Mandinov et al [9].) 
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P FEATURES OF LV SYSTOLIC AND DtASTOLIC DYSFUNCTION 
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Figure 15-53. Clinical features of systolic versus diastolic dysfunction. {Adapted from Levine and Gaasch [13].) 
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Figure 15-54. Diagnosis and treatment of congestive heart failure (CHF): systolic versus 
diastolic dysfunction. This scheme provides a separation of patients with systolic 



dysfunction (low ejection fraction) from 
those with diastolic dysfunction (normal 
ejection fraction). Within each category, 
treatment and prognosis are related 
to the presence or absence of symptoms. 
The arrows indicate relative prognosis 
(cy, four arrows indicate the worst prog- 
nosis). Thus, patients with TV systolic 
dysfunction and overt heart failure are 
treated with angiotensin-converting 
enzyme (ACE) inhibitors and vasodilators 
in addition to the standard medical 
regimens using diuretics with digitalis. By 
contrast, symptomatic patients with a 
normal ejection fraction are best treated 
with calcium channel-blocking agents and 
(3-adrenergic receptor-blocking agents. 
Asymptomatic patients in both categories 
also benefit from therapy. {Adapted from 
Gaasch [38].) 




Figure 15-55. Survival curve of patients with congestive heart 
failure (CHF) with normal ejection fraction (EF) and presumed 
diastolic dysfunction or low EF (systolic dysfunction) from the VA 
Cooperative Study of heart failure. In this study, the normal EF 
was defined as 0.45 or greater. The average EF was 0.54 in the 
normal EF (diastolic dysfunction) group compared with 0.26 in the 
low EF (systolic dysfunction) group. The prognosis was 
significantly better in the diastolic dysfunction group, which had 
an annual mortality rate of 8% compared with 19To in the systolic 
dysfunction group. {Adapted from Cohn and Johnson [39].) 
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TREATMENT OF CONGESTIVE HEART FAILURE DUE TO DIASTOLIC 
DYSFUNCTION: ACUTE PULMONARY CONGESTION OR EDEMA 

Reduce pulmonary capillary pressure 

Avoid hypotension from excessive preload reduction in stiff LV 
Correc t any hypertension 

Restore normal sinus rhythm and/or control rapid heart rate 
Relieve ischemia 



Figure 15-56. Treatment of acute pulmonary edema from diastolic dysfunction. Patients 
with diastolic dysfunction frequently have episodes of acute pulmonary edema, which 
may be life-threatening. The treatment principles are outlined here. Pulmonary capillary 
pressure can be reduced by vasodilators such as intravenous nitroglycerin, which may 
also relieve any ischemia that contributes to LV stiffness. Rapidly acting diuretics, 
morphine, tourniquets and other standard care measures of treatment pulmonary edema 
{eg, oxygen) are also helpful. If atrial fibrillation is present, an attempt should be made to 
restore normal sinus rhythm to preserve the atrial contribution to ventricular filling. 



Regardless of rhythm, any tachycardia 
should be controlled. 

The stiff, noncompliant ventricle makes 
preload management difficult. A small 
increase in LV volume that would be 
tolerated without difficulty in a normally 
compliant LV can result in a marked 
increase in pulmonary capillary pressure 
in a stiff LV and thereby precipitate 
pulmonary edema. Conversely, the stiff LV 
is abnormally sensitive to a lowering 
of filling pressure; because of its decreased 
distensibility and increased resistance to 
filling, the stiff LV requires a higher than 
normal filling pressure to maintain an 
adequate diastolic volume and stroke 
volume. If initial preload reduction results 
in hypotension, a normal blood pressure 
can usually be restored by discontinuing 
the vasodilators and increasing LV volume 
by leg raising or infusion of a small 
amount of saline. 



1 GENERAL APPROACH TO THE TREATMENT OF DIASTOLIC DYSFUNCTION | 
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Figure 15-57. The goals and methods of 
long-term management. Chronic hyper- 
tension causes both myocyte hypertrophy 
and increased fibrosis. Experimental 
evidence suggests that antagonists of the 
renin-angiotensin-aldosterone pathway 
may decrease myocardial fibrosis, and such 
agents may be particularly useful in the 
long-term treatment of LV diastolic 
dysfunction for this reason, but clinical 
trials are lacking. Digitalis glycosides are 
not generally recommended for the 
treatment of congestive heart failure (CHE) 
due to diastolic dysfunction in the absence 
of atrial fibrillation and LV systolic 
dysfunction. Maintenance of a relatively 
slow heart rate and prevention of 
tachycardic episodes are important in 
managing diastolic dysfunction. A slow 
heart rate reduces the risk of ischemia by 
decreasing myocardial oxygen demand and 
increasing the duration of diastole, which is 
the time in the cardiac cycle during which 
most coronary flow occurs. In cases in 
which LV relaxation is slow, a prolonged 
diastolic interval may permit more 
complete relaxation and improved LV 
filling at lower filling pressures. The 
patient's symptomatic response, especially 
with regard to relief of dyspneas with 
exertion, is a practical guide to optimizing 
drug therapy. ACE — angiotensin- 
converting enzyme; AF — atrial fibrillation; 
A-V — atrioventricular; AVR — aortic valve 
replacement. {Adapted from Levine and 
Gaasch [13].) 
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Figure 15 - 58 . Effect of intracoronary enalaprilat on LV diastolic chamber stiffness in 
patients with LV hypertrophy from aortic stenosis. These graphs show the relations 
between LV diastolic pressure and LV volume and LV dimension in the aortic stenosis 



group, determined by ventriculography 
{u - 13) (A) and echocardiography (B), 
respectively Measurements were 
performed simultaneously with LV micro- 
manometer pressure measurements in all 
patients. Coordinates of pressure, volume, 
and dimension are averages at three 
diastolic points: early diastolic pressure 
nadir, mid-diastole, and end-diastole. 

In both groups there was a vertical 
downward shift with intracoronary 
enalaprilat indicating improved diastolic 
distensibility. 

These c^bservations support the hypo- 
thesis that the cardiac reninangiotensm 
system is activated in patients with con- 
centric LVH and that this activation may 
contribute to diastolic dysfunction. P values 
indicate significance of the vertical down- 
ward shift for the relation (ANOVA for 
repeated measures). Bars indicate SEM. 
{Adapted from Friedrich et al. [40].) 



EFFECT OF VERAPAMIL ON DIASTOLIC DYSFUNCTION 
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Figure 15 - 59 . Effect of verapamil on diastolic dysfunction. This figure reports the results 
of a placebo-controlled, double-blind, crossover trial in 20 men with symptomatic 
congestive heart failure (CHF), normal left ventricular ejection fraction (LVEF), and 
abnormally low left ventricular (LV) peak filling rates (normal being > 2.5 end-diastolic 
volume [EDV] per second). After baseline measurements, the patients received either 
placebo or oral verapamil (average dose, 256 mg/ d; range, 160-360 mg/ d) and were then 
crossed over to the alternative treatment after 5 weeks on the initial treatment. Treadmill 



testing assessed exercise capacity. CHF was 
graded by a clinicoradiographic score 
where points were assigned for increasing 
grades of dyspnea, pulmonary congestion 
on physical examination, neck vein 
distension, third heart sound, peripheral 
edema, and CHF on an independently read 
chest film. The maximum possible score 
was 13, signifying the most severe CHF. 
Peak LV filling rate was determined frc^m 
radionuclide studies. 

After 5 weeks of verapamil there were 
significant increases in exercise capacity, 
peak filling rate, and a decrease in CHF 
score. There were no significant changes 
after treatment with placebo'. 

These results suggest that verapamil may 
have therapeutic efficacy in patients with 
CHF, preserved systolic function, and 
impaired diastolic filling [41]. 
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Figure 15-60. Candesartan treatment for diastolic dysfunction. 
Effect of candesartan on time to cardiovascular death or hospital 
admission for congestive heart failure (CHF) in patients with 
diastolic dysfunction. 

The CHARM-Preserved trial assessed the effects of candesartan 
in patients with chronic heart failure and preserved left ventricular 
ejection fraction (> 40To); the CHF was presumed due to diastolic 
dysfunction. A total of 3023 patients were randomly assigned to 
treatment with candesartan (32 mg once daily) or placebo in 
addition to standard CHF medical therapy as prescribed by the 
patients' physicians. In addition to the assigned study treatment, 
most patients were also receiving one or more of the following 
drugs: angiotensin-converting enzyme (ACE) inhibitor, (3-blocker, 
diuretic, spironolactone, digoxin /digitalis glycoside, calcium 
antagonist, or other vasodilator. This figure illustrates that the 
addition of candesartan treatment resulted in a small reduction in 
the combined risk of cardiovascular death or hospital admission 
for CHF. There was no significant effect of candesartan on cardio- 
vascular death alone. The risk of admission for CHF was reduced 
modestly, by 16% (P < 0.05), by candesartan over an average of 
3.5 years of follow-up [42]. 
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Figure 15-61. Losartan improves exercise tolerance with diastolic dysfunction and 
hypertensive response to exercise. This figure plots the exercise duration (A) and 
peak systolic blood pressure (BP) (B) during baseline and during treatment with 
placebo or losartan. Treatment with losartan increased exercise time and reduced 
peak systolic BP during exercise compared to baseline and placebo. 

These results are from a randomized, double-blind, placebo-controlled crossover 
study of 2 weeks of losartan (50 mg/ d) on exercise tolerance and quality of life. 



The subjects were 20 patients (60 ± 10 
years of age) with exertional dyspnea, 
with normal LV systolic function 
(EF > 50%), no ischemia on stress 
echocardiogram, an abnormal mitral 
inflow velocity profile with decreased 
early filling rate (E/A < 1) (consistent 
with impaired LV relaxation), and a 
hypertensive response to exercise 
(systolic BP > 200 mm Hg). 

In addition to the improved peak 
systolic BP and exercise duration shown 
above, losartan treatment improved the 
score of the heart failure quality of life 
questionnaire compared with placebo. 

Thus, in patients with exertional 
dyspnea, Doppler evidence of diastolic 
dysfunction at rest, and a hypertensive 
response to exercise, angiotensin II 
receptor blockade blunted the hyper- 
tensive response to exercise, increased 
exercise tolerance, and improved the 
quality of life. {Adapted from Warner 
et al [43].) 



B. EFFECT OF LOSARTAN ON FIBROSIS AND 
LEFT VENTRICULAR DIASTOLIC STIFFNESS 
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Figure 15-62. Effect of losartan on fibrosis and left ventricular 
(LV) diastolic stiffness. A, Myocardial fibrosis and LV diastolic 
stiffness. This figure reports LV diastolic stiffness (K^^y) as 
calculated from Doppler echocardiographic relaxation rate 
indices in normotensive subjects and two groups of hyper- 
tensives according to the grade of myocardial fibrosis. The 
har graphs indicate that LV diastolic stiffness is directly related to 
the degree of fibrosis. The degree of fibrosis was assessed 
by the collagen volume fraction in endomyocardial biopsy 



samples, expressed as a percentage, and was 1.95% ± 1.00%; 
4.60% ± 1.11%; and 7.93% ± 0.97% for the normotensives, 
nonsevere fibrotics, and severe fibrotics, respectively. 

B, Effect of losartan. One year of treatment with losartan 
was associated with a significant reduction of fibrosis and LV 
diastolic stiffness in patients who had severe fibrosis at 
baseline. The losartan treatment had no significant effect on 
those patients with nonsevere fibrosis at baseline. {Adapted from 
Diez et al. [44].) 
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Figure 15-63. {See Color Plate) Effect of 
losartan on myocardial fibrosis. These 
histologic sections of myocardial biopsy 
specimens are from a hypertensive patient 
with nonsevere myocardial fibrosis before 
(A) and after (B) treatment, and a hyper- 
tensive patient with severe myocardial 
fibrosis before (C) and after (D) treatment. 
Picrosirius red stain 20. CVF — collagen 
volume fraction. {From Diez ct al. [44]; 
with permission.) 




Acknowledgment 



The helpful advice of Drs. Herbert J. Levine and William H. Gaasch is gratefully acknowledged. 



References 



1. Apstein C, ct al.: Exercise, diastolic function and dysfunction. In 
Exercise and Elcart Failure. Edited by Balady GJ, Pina IL. Armonk, 
NY: Futura Publishing Company, Inc.; 1997:39-83. 

2. Cheng CP, Igarashi Y, Little WC: Mechanisms of augmented rate of 
left ventricle filling during exercise. Circ Res 1993, 72:795-806. 

3. Cheng CP, Noda T, Nozawa T, Little WC: Effect of heart failure on 
the mechanism of exercise induced augmentation of mitral valve 
flow. Circ Res 1993, 72:795-806. 

4. Little WC, Cheng CP: Modulation of diastolic dysfunction in the 
intact heart. In Diastolic Dysfunction of the Fleart, edn 2. Edited by 
Lorell BH, Grossman W. Boston: Kluwer Academic Publishers; 
1994:167-176. 



5. Labovitz AJ, Pearson AC: Evaluation of left ventricular diastolic 
function: clinical relevance and recent Doppler echocardiographic 
insights. Am Heart ] 1987, 114:836-851. 

6. Bonow RO: Radionuclide angiographic evaluation of left 
ventricular diastolic function. Circulation 1991, 84:1-208. 

7. Cheng C-P, Igarashi Y, Little WC: Mechanism of augmented rate 
of left ventricular filling during exercise. Circ Res 1992, 70:9. 

8. Udelson JE, Bacharach SL, Cannon RO 111, Bonow RO: Minimum 
left ventricular pressure during beta-adrenergic stimulation in 
human subjects: evidence for elastic recoil and diastolic ''suction" 
in the normal heart. Circulation 1990, 82:1174-1182. 

9. Mandinov L, Eberli FR, Seiler C, Fless OM: Diastolic heart failure 
[review]. Cardiovascular Research 2000, 45:813-825. 



ATLAS OF HEART FAILURE: CARDIAC FUNCTION AND DYSFUNCTION 

300 







10. Colucci WS, Braunwald E: Pathophysiology of heart failure. In 
Heart Disease, edn 6. Edited by Braunwald E, Zipes DP, Libby P. 
Philadelphia: WB Saunders; 2001:519. 

11. Becker AE, Anderson RH: Cardiac Pathology: An Integrated Text 
and Colour Atlas. New York; Raven Press; 1983:1.7 

12. Weber K, Brilla C: Pathological hypertrophy and cardiac 
interstitium: fibrosis and renin-angiotensin-aldosterone system. 
Circulation 1991, 83:1849-1865. 

13. Levine HJ, Gaasch W: Clinical recognition and treatment of 
diastolic dysfunction and heart failure. In Left Ventricular Diastolic 
Dysfunction and Heart Failure. Edited by Gaasch WH, Le Winter M. 
Philadelphia: Lea & Febiger; 1994:439^54. 

14. Zile MR: Diastolic dysfunction: detection, consequences, and 
treatment: II. Diagnosis and treatment of diastolic function. 

Mod Concepts Cardiovasc Dis 1990, 59:1. 

15. Kitzman DW, Higginbotham MB, Cobb FR, et al: Exercise 
intolerance in patients with heart failure and preserved left 
ventricular systolic function: failure of the Frank-Starling 
mechanism. / Am Coll Cardiol 1991, 17:1065-1072. 

16. Carroll JD, Hess OM, Hirzel HO, Krayenbuehl HP: Dynamics of 
left ventricular filling at rest and during exercise. Circulation 1983, 
68:59-67. 

17. Carroll JD, Hess OM, Hirzel HO, Krayenbuehl HP: Exercise- 
induced ischemia: the influence of altered relaxation on early 
diastolic pressures. Circulation 1983, 67:521-528. 

18. Pepine C, Wiener L: Relationship of anginal symptoms to lung 
mechanics during myocardial ischemia. Circulation 1972, 
46:863-869. 

19. Carroll JD, Carroll EP: Diastolic function in coronary artery 
disease. Herz (Germany) 1991, 16:1. 

20. Sasayama S, Nonogi H, Miyazaki S, et al.: Changes in diastolic 
properties of the regional myocardium during pacing-induced 
ischemia in human subjects. / Am Coll Cardiol 1985, 5:599-606. 

21. Eberli FR, Weinberg EO, Grice WN, et al.: Protective effect of 
increased glycolytic substrate against systolic and diastolic 
dysfunction and increased coronary resistance from prolonged 
global underperfusion and reperfusion in isolated rabbit hearts 
perfused with erythrocyte suspensions. Circ Res 1991, 68:466-481. 

22. Eberli FR, Stromer H, Ferrell MA, et al.: Lack of direct role for 
calcium in ischemic diastolic dysfunction in isolated hearts. 
Circulation 2000, 102:2643-2649. 

23. Lorell BH, Grice WN, Apstein CS: Impaired diastolic tolerance to 
low-flow ischemia in blood-perfused hypertrophied rat hearts. 
Circulation 1989, 80:11-97. 

24. McKenney PA, Apstein CS, Mendes CA, et al.: Diastolic function 
after bypass surgery. / Am Coll Cardiol 1994, 24:1189-1194. 

25. Taylor RR, Covell JW, Sonnenblick EH, Ross J Jr.: Dependence of 
ventricular distensibility on filling of the opposite ventricle. Am 
J Physiol 1967, 213:711. 

26. Watanabe J, Levine MJ, Bellotto F, et al.: Effects of coronary venous 
pressure on left ventricular diastolic distensibility. Circ Res 1990, 
67:923-932. 

27. Wexler LF, Grice WN, Huntington M, et al.: Coronary hypertension 
and diastolic compliance in isolated rabbit hearts. Hypertension 
1989, 13:598-606. 

28. Downes TR, Nomeir A-M, Smith KM, et al.: Mechanism of altered 
pattern of left ventricular filling with aging in subjects without 
cardiac disease. Am ] Cardiol 1989, 64:523-527. 



29. Benjamin EJ, Levy D, Anderson KM, et al: Determinants of 
Doppler indexes of left ventricular diastolic function in normal 
subjects (the Framingham Heart Study). Am J Cardiol 1992, 
70:508-515. 

30. Senni M, Tribouilloy CM, Rodeheffer RJ, et al: Congestive heart 
failure in the community: a study of all incident cases in Olmsted 
County, Minnesota, in 1991. Circulation 1998, 98:2282-2289. 

31. Nixon JV, Burns CA: Cardiac effects of aging and diastolic 
dysfunction in the elderly. In Left Ventricular Diastolic Dysfunction 
and Heart Failure. Edited by Gaasch WH, LeWinter M. Philadelphia: 
Lea & Febiger; 1994: 427-435. 

32. Lim CC, Liao R, Varma N, Apstein CS: Impaired lusitropy- 
frequency in the aging mouse: role of Ca^^-handling proteins and 
effects of isoproterenol. Am ] Physiol (Heart Circ Physiol) 1999, 
46:H2083-H2090. 

33. Lim CC, Apstein CS, Colucci WS, Liao R: Impaired cell shortening 
and relengthening with increased pacing frequency intrinsic to the 
senescent mouse cardiomyocyte. / Mol Cell Cardiol 2000, 
32:2075-2082. 

34. Takemoto KA, Bernstein L, Lopez JF, et al.: Abnormalities of 
diastolic filling of the left ventricle associated with aging are less 
pronounced in exercise-trained individuals. Am Heart J 1992, 
124:143-148. 

35. Brenner DA, Apstein CS, Saupe KW: Exercise training attenuates 
age-associated diastolic dysfunction in rats. CirculatiotJ 2001, 
104:221-226. 

36. Spurgeon HA, Steinbach ME, Lakatta EG: Chronic exercise 
prevents characteristic age related changes in rat cardiac 
contraction. Am J Physiol (Heart Circ Physiol) 1983, 244:H513-H518. 

37. Tate CA, Taffet GE, Hudson EK, et al.: Enhanced calcium uptake 
of cardiac sarcoplasmic reticulum in exercise-trained old rats. 

Am J Physiol (Heart Circ Physiol) 1990, 258:H431-H435. 

38. Gaasch WH: Diagnosis and treatment of heart failure based on 
left ventricular systolic or diastolic dysfunction. JAMA 1994, 
271:1276-1280. 

39. Cohn JN, Johnson G, and the Veterans Administration Cooperative 
Study Group: Heart failure with normal ejection fraction: the 
V-HeFT study. Circulation 1990, 81 (suppl III):III-48-lII-53. 

40. Friedrich SP, Lorell BH, Rousseau ME, et al.: Intracardiac 
angiotensin-converting enzyme inhibition improves diastolic 
function in patients with left ventricular hypertrophy due to aortic 
stenosis. Circulation 1994, 90:2761-2771. 

41. Setaro JF, Zaret BE, Schulman DS, et al.: Usefulness of verapamil for 
congestive heart failure associated with abnormal left ventricular 
diastolic filling and normal left ventricular systolic performance. 
Am J Cardiol 1990, 66:981-986. 

42. Yusuf S, Pfeffer MA, Swedberg K, et al. for the CHARM 
Investigators and Committees: Effects of candesartan in patients 
with chronic heart failure and preserved left-ventricular ejection 
fraction: the CHARM-Preserved trial. Lancet 2003, 362:777-781. 

43. Warner JG, Jr., Metzger DC, Kitzman DW, et al.: Losartan improves 
exercise tolerance in patients with diastolic dysfunction and a 
hypertensive response to exercise. / Am Coll Cardiol 1999, 
33:1567-1572. 

44. Diez J, Querejeta R, Lopez B, et al.: Losartan-dependent regression 
of myocardial fibrosis is associated with reduction in left 
ventricular chamber stiffness in hypertensive patients. Circulation 
2002, 105:2512-2517. 



DIASTOLIC DYSFUNCTION: PATHOPHYSIOLOGY, CLINICAL FEATURES, AND TREATMENT 

301 




Index 



A 

Abiocor total artificial heart, 267 
Abiomed Bi-ventricular Support 5000, 264 
Accentuated antagonism 
in neural contractility control, 30 
Acetylcholine 

therapeutic effects of, 239 

Actin 

in cardiac contraction, 5-8 
Acute heart failure 
causes of, 163 
chronic versus, 162 
diagnostic options in, 171 
myocardial injury in, 167 
treatment of 

drug therapy in, 164-166 

indwelling catheters in, 168 

intra-aortic balloon counterpulsation in, 171 

options in, 171 

problems in, 172 

steps in, 163 

Adenosine triphosphatase 
in excitation-contraction coupling, 10-11 
Adenosine triphosphate 
in diastolic dysfunction, 286 
in myocardial function, 12 
[3-Adrenergic pathway 
in heart failure, 75-76 
Adrenomedullin, 118 
Afterload 

drugs to reduce, 165 
in myocardial contraction, 26-27 
Afterload mismatch 
preload reserve and, 25 
Aging 

diastolic dysfunction and, 290-295 
normal cardiac changes in, 291 
P-Agonists 

left ventricular contractility and, 25 
Alcohol consumption 
cardiac function and, 50 
Aldosterone 

angiotensin-converting enzyme inhibitors and, 109 
in heart failure pathophysiology, 110 
Aldosterone receptor blockers, 205-206 
diuretic, 182 
remodeling and, 98 
Allograft rejection 
in cardiac transplantation, 256-260 
American trypanosomiasis 
myocarditis from, 46 
Amiloride, 182 
Amyloidosis 
cardiac, 56 
Anemia 

heart failure and, 243 
Angiotensin 

ACE inhibitor response and, 109 
in myocardial hypertrophy, 64 
myocyte as source of, 77 
production of, 206 

Angiotensin receptor blockers, 206-211 
ACE inhibitors versus, 207, 209-210 
mechanisms of, 206, 211 
therapeutic effects of, 207-210 
Angiotensin-converting enzyme inhibitors, 196-204 
aldosterone levels and, 109 
angiotensin receptor blockers versus, 207, 209-210 
drug interactions with, 203-204 
mechanisms of, 196-197 
postinfarction, 93-96, 98 
therapeutic effects of, 197, 202 
morbidity and, 199, 201-203 
mortality and, 198, 200-201, 203 
race and, 204 

Anthracycline cardiomyopathy, 51 
Antiarrhythmic therapy 



prognosis and, 155 
Antimicrobial prophylaxis 
in cardiac transplantation, 260 
Antimyosin scintigraphy 
in myocarditis, 44 
Antioxidant enzymes 
in cardiac function, 79 
Antiplatelet agents 

interaction of ACE inhibitors with, 203-204 
Aortic valvular lesions 
heart failure in, 37 
acute, 169 
Apoptosis 
myocyte, 69-72 
Arginine-vasopressin system 
in heart failure pathophysiology, 112-114, 231 
Arrhythmias 
prognosis and, 155 
Arterial compliance 
left ventricular contractility and, 27 
Arterial impendance 
in afterload, 27 
Arteriography 

in decompensated heart failure, 174 
Artificial heart, 267 
Aspirin 

interaction of ACE inhibitors with, 203-204 
Asymptomatic left ventricular systolic dysfunction, 147 
Atherosclerosis 

after cardiac transplantation, 261-262 
heart failure from, 161 
Atrial natriuretic factor, 116 
Atropine 

norepinephrine and, 30 

B 

Balloon counterpulsation 
in acute heart failure, 171 
Baroreceptor dysfunction, 104-106 
Biologic treatment approaches, 238-243 
Bisoprolol, 216, 218 
Biventricular pacing, 236-236 
p-Blockers, 213-227 
comparisons among, 224-225 
diabetes and, 150 
hemodynamic effects of, 216-217 
inotropic therapy and, 226 
left ventricular contractility and, 25 
overview of, 213 
pharmacology of, 223 
positive inotropic agents and, 235 
race and, 149 

strategies to increase use of, 227 
sympathetic nervous system and, 215 
therapeutic effects of, 217-221 
race and, 222-223 

volume and ejection fraction and, 97 
Blood flow 

in heart failure pathophysiology, 125 
Body weight 
stroke work and, 84 
Borrelia burgdorferi 
myocarditis from, 45 
Brain natriuretic peptide 
in patient assessment, 133-134 
prognosis and, 151, 153-154 
Bucindolol, 217, 222 
Bumetanide, 186 

c 

Calcium 

in cardiac contraction, 4-7, 12 
in cell replacement, 73 
in diastolic dysfunction, 286-287 
aging and, 292-293, 295 
in heart failure pathophysiology, 66-68 
Calcium-binding sites 



in troponin C, 4 
Candesartan, 210, 298 
Captopril 

angiotensin receptor blockers versus, 207, 21 0 
digoxin versus, 191 
postinfarction, 93-95 
therapeutic effects of, 197-199, 201 
Cardiac amyloidosis, 56 

Cardiac contraction. See Myocardial contraction 
Cardiac cycle 
events in, 20 
diastole as, 272 
Cardiac function 

abnormal diastolic, 275-300. See also Diastolic dysfunction 
normal diastolic, 272-274 
Cardiac glycosides, 187-193 
baroreflex effects of, 189 
inotropic effects of, 1 87 
peripheral vascular resistance and, 189 
sodium pump inhibition by, 188 
therapeutic effects of, 191-193 
Cardiac hypertrophy 
diastolic function and, 279-280 
proliferative signaling in, 13 
Cardiac remodeling. See Remodeling 
Cardiac resynchronization, 235-237 
remodeling and, 97 
Cardiac transplantation, 249-268 
allograft rejection after, 256-260 
atherosclerosis after, 261-262 
candidate selection for, 250-253 
contraindications to, 251 
donor selection for, 253 
indications for, 253 
mechanical-assist devices in, 262-268 
overview of, 249 
prognostic score In, 252 
quality of life after, 260-261 
retransplantation after, 261-262 
surgical technique for, 254-256 
survival after, 250 
Cardiomyopathy 
anthracycline, 51 
calcium handling in, 67 
classification of, 34 
dilated. See Dilated cardiomyopathy 
hypertrophic, 57-58 
infiltrative, 55-57 
ischemic, 35-36 
restrictive, 55-57 
right ventricular, 58 
Carvedilol 
postinfarction, 97 
race and response to, 149 
therapeutic effects of, 217-218, 220-221, 223-225 
Catheters 

m acute heart failure, 168 
Cell death, 69-72 
Cell replacement, 72-73 
Cell therapy, 242-243 
remodeling and, 98 
Cellular regulation 

of myocardial contraction and relaxation, 12-13 
Chagas' disease 
myocarditis from, 46 
Characteristic impedance, 27 
Chronic heart failure 

decompensated, 172-179. See also Decompensated 
chronic heart failure 
unstable versus, 162 
Circulation 

interactions in intact, 22 
Clinical history 

in heart failure assessment, 130-131 
Cocaine 

cardiotoxicity of, 50 
Computed tomography 
in heart failure assessment, 136 



INDEX 

303 





Congestive heart failure. Sec also Heart failure 
causes of, 33-58 
coronary disease as, 35-37 
endocrine, 47-48 

hypertrophic cardiomyopathy as, 57-58 
idiopathic dilated cardiomyopathy as, 39-40 
infiltrative /restrictive cardiomyopathies as, 55-57 
inflammatory myocardial disease as, 404:6 
inherited, 52-54 
metabolic, 51 
rheumatologic, 49 

right ventricular cardiomyopathy as, 58 
toxic, 50-51 

valvular lesions as, 37-39 
diastolic dysfunction in, 296-297 
etiology and epidemiology of, 34-35 
mechanisms of, 102 

arginine-vasopressin system in, 112-114 
endothelin in, 119-121 
endothelium in, 119-124 
natriuretic peptides in, 115-118 
neurohumoral systems in, 101-125 
nitric oxide in, 122-124 
oxidative stess in, 124 
regional blood flow in, 125 
renin-angiotensin-aldosterone system m, 107-111 
sympathetic nervous system in, 102-107 
vasoconstrictors in, 122 
vasodilators in, 122-123 
natural history of, 129 
overview of, 33 
pulmonary edema in, 275 
Conivaptan, 232 

Continuous positive airway pressure 
in sleep apnea, 245-246 
Contractile element 

in myocardial contraction, 16-17 
Contrachle proteins 
in heart failure, 66-68 

in myocardial contraction and relaxation, 5-8 
Contractility, 25-26, 30-31 
Contraction 

myocardial, 1-13, 15-31. Sec also Myocardial contraction 
CorCap, 266 

Coronary artery bypass grafting 
diastolic dysfunction aher, 288 
Coronary artery disease 
in diastolic dysfunction, 289 
heart failure from, 35-37, 161 
Coronary venous turgor 
diastolic dysfunction and, 289 
Coupling 

excitation-contraction, 9-11 
Creatine kinase 

postinfarction remodelmg and, 91 
Creatine phosphokinase 
MM isoform of, 8 
Cytokines 

in heart failure pathophysiology, 72, 78 
myocardial phenotype and, 65 

D 

Dallas criteria 

in myocarditis diagnosis, 40 
Decompensated chronic heart failure 
clinical features of, 173-174 
precipitating factors in, 173 
treatment of, 172, 175-179 
Diabetes 

heart failure treatment response and, 150 
postinfarction remodeling and, 91 
Diastole 

abnormal. See Diastolic dysfunction 
normal, 272-274 
time course of, 273 
Diastolic dysfunction, 271-300 
after coronary artery bypass grafting, 288 
aging and, 290-295 
causes of, 282-283 
clinical features of, 295-296 
congestive heart failure and, 35, 296-297 
coronary venous turgor and, 289 
exercise and, 284 
hypertension and, 289 
infarction and, 284 
ischemia and, 284-288 
left ventricular hypertrophy and, 279-280 
in mitral stenosis, 39 
natural history of, 295 
normal diastolic function versiib, 272-274 
overview of, 271 
pathophysiology of, 279-283 
pericardium and, 288 



pressure-volume relaticmship in, 281-282 
survival and, 291 

systolic dysfunction versus, 280, 296 
treatment of, 297-300 
Diastolic function 

abnormal, 271, 275-300. See also Diastolic dysfunction 
determinants of, 279 
normal, 272-274 
Diastolic heart failure 
congestive heart failure from, 35 
Digitalis. See also Digoxin 
baroreceptor function and, 105 
over\iew of, 1 81 
Digoxin, 187-193 
captopril versus, 191, 199 
overview of, 181 
pharmacology of, 187-189 
therapeutic effects of, 191-193 
Dilated cardiomyopathy 
biventricular pacing m, 235 
genehcs of, 53-54 
idiopathic, 39-40 
mitral valve replacement and, 38 
Diuretics, 181-187 
algorithm for use of, 1 87 
loop, 182-187 
doses of, 1 86 
overview of, 181 
pharmacology of, 183, 185 
potassium-sparing, 182 
response to, 184-185 
thiazide, 182 
Dobutamine 

in acute heart failure, 166 
(3-blockers versus, 225 
m decompensated heart failure, 176 
left ventricular contractility and, 25 
levosimendan versus, 234 
Dopamine 

in acute heart failure, 165-166 
Doppler echocardiography 
in patient assessment, 135-136 
Drug therapy. See also specific agents and classes of dmgs 
in heart failure 
acute, 164-166 
decompensated chronic, 175 
Dyad 

in excitaticm-contraction coupling, 9 
Dysplasia 

right ventricular, 58 
Dystrophin gene mutations, 52-54 

E 

Echocardiography 
in heart failure 
acute, 168-170 

assessment of, 135-136, 141-142 
Ejection 

left ventricular contractility and, 27 
Ejecticm fraction 
(3-blockers and, 215, 217 
prognosis and, 152-153, 296 
Elastic element 
in myocardial contraction, 16 
Elderly patients 

acquired hypertrophic cardiomyopathy in, 58 
(3-blockers and, 225 
diastolic dysfunction in, 290 
Electrocardiography 
m patient assessment, 135, 139 
Enalapril 
postin fa rctic'in, 95 
race and response to, 148 
therapeutic effects of, 197, 202 
End-diastolic volume index 
in Q-wave infarction, 94 
Endcxrine disease 
heart failure from, 47M8 
Endothelin 

angiotensin regulated by, 78 
levels in heart failure of, 121, 230 
prognosis and, 121, 230 
structure and function of, 119-120 
Endothelin receptor blockade, 230-231 
Endothelium 

in heart failure pathophysiology, 119-124 
End-systolic pressure-vc^lume relationship 
heart rate and, 26 
End-systolic volume index 
in Q-wave infarction, 94 
Energetics 

m myocardial contraction, 28-29 
Enoximone, 234 



(3-blockers versus, 226 
Enterov'iral myocarditis, 42 
Eosinophilic myocarditis, 45 
Epierenone, 98, 206 
Erectile dysfunction 
heart failure and, 247 
Erythropoietin 
exercise capacity and, 244 
Excitation-contraction coupling 
in myocardial contraction and relaxation, 9-11 
Exercise 

diastolic dvsfunction and, 283-284, 294 
diastolic function and, 273, 275-276 
erythropoietin and, 244 
Exercise testing 

before cardiac transplantation, 250-251 
in diagnosis, 137-138 
in treatment assessment, 156 
Extracellular matrix 
in heart failure, 74-75 

F 

Familial hypertrophic cardiomyopathv, 57 
Eibroblast 

in cardiac structure, 2, 74 
Eorce-velocity relationship 
in myocardial contraction, 17 
Framingham fieart Study 
epidemiology of heart failure in, 34 
Frank-Starling phenomenon 
in myocardial contraction, 18 
Functional signaling, 12-13 
Furosemide, 186 

G 

G proteins 

in cardiac hypertrophy, 13 
Gender 

treatment response and, 149 
Gene therapy, 241 
Genetics 

of cardiomyopathv, 52-54, 57 
Giant cell myocarditis, 44 
Graft rejection 

in cardiac transplantation, 256-260 

H 

Heart 

structure of, 2-5 
neural pathways in, 30 
normal aging and, 2‘-d 

Heart failure See also Congestive heart failure 
acute, 161-172. See also Acute heart failure 
(3-adrenergic pathway in, 75-76 
assessment of, 127-142 
approach to, 130 
clinical history in, 130-131 
computed tomography in, 136 
diagnostic test options in, 134 
echocardiography in, 135-136, 141-142 
electrocardiography in, 135, 139 
exercise testing in, 137-138 
hemcxiynamic findings in, 138, 140-141 
laboratory findings in, 132-134 
magnetic resonance imaging in, 136 
overview of, 127-130 
physical findings in, 129-132 
radiographv m, 135, 140 
radionuclide v entriculographv m, 136 
therapeutic planning and, 142 
calcium handling in, 66-68 
causes of, 33-58 
cell death in, 69-72 
cell replacement in, 72-73 
contractile protein expression in, 66-68 
decompensated chronic, 172-179 See also Decompensated 
chronic heart failure 
endothelin in, 78 
extracellular matrix in, 74-75 
inflammatorv c\ tokines in, 78 
molecular and cellular phenotypes in, 63-66 
mortality in, 146-150 
natural histor\' of diastolic, 295 
neurohumoral sv stems in, 101-125 
ov erview of, 145-146 
oxidativ^e stress in, 79-80 
prognostic values in, 151-155 

renin-angiotensin-aldosterone svstem in, 77, 107-11 1 
treatment of, 229-247 See also specific treatments 
anemia and, 243 
biologic, 238-243 

cardiac resvnchronization in, 235-237 



ATLAS OF HEART FAILURE: CARDIAC FUNCTION AND DYSFUNCTION 

304 




digitalis in, 181, 187-193 
diuretics in, 181-187 
erectile dysfunction and, 247 
inotropic agents in, 233-235 
neurohormonal antagonists in, 230-233 
overview of, 229 

pulmonary hypertension and, 246 
response assessment in, 156-158 
Living with Heart Failure Questionnaire in, 157 
sleep apnea and, 244-246 
unstable, 161-179. See also Unstable heart failure 
ventricular remodeling in, 62 
Heart rate 

end-systolic pressure-volume relationship, 26 
Heart transplantation. See Cardiac transplantation 
HeartMate devices, 264-265 
Hemochromatosis, 55 
Hemodynamics 
(3-blockers and, 216 
cardiac physiology and, 1 
in heart failure assessment, 138, 140-141 
Henle's loop 
diuretics and, 182, 186 

Heredofamilial neuromyopathic disorders, 52 
Hibernating myocardium, 36-37 
Histocompatibilioty antigens 
in allograft rejection, 256 
History 

in heart failure assessment, 131 
Hospitalization 
valsartan and, 158 
Hydralazine 
enalapril versus, 197-199 
Hypersensitivity myocarditis, 45 
Hypertension 

diastolic dysfunction and, 289 
pulmonary, 246 
Hypertrophic cardiomyopathy 
acquired, 58 
genetics of, 57 
heart failure from, 57-58 
Hypertrophy 

myocardial. See Myocardial hypertrophy 
myocyte, 63-66 
Hypocalcemia 

left ventricular dysfunction from, 51 

I 

Idiopathic dilated cardiomyopathy 
heart failure from, 39^0 
Immunosuppressive drugs 
in cardiac transplantation, 257-258 
Impedance 
in afterload, 27 
Indwelling vascular catheters 
in acute heart failure, 168 
Infarction. See Myocardial infarction 
Infection 

after cardiac transplantation, 259 
Infiltrative cardiomyopathy 
heart failure from, 55-57 
Inflammation 

in heart failure pathophysiology, 241 
cytokines in, 78 
myocardial diseases in, 40-46 
Inherited disease 
heart failure from, 52-54 
Inotropic agents, 233-235 
Inotropy, 1 
Input impedance, 27 

International Society for Heart Transplantation 
grading system of, 258-259 
Intra-aortic balloon counterpulsation 
in acute heart failure, 171 
Intrarenal renin-angiotensin system. 111 
Intraventricular conduction delay 
biventricular pacing in, 235-236 
Ischemia 

diastolic dysfunction and, 284-288 
Ischemic cardiomyopathy 
imaging of, 36 
replacement fibrosis in, 35 
Isosorbide dinitrate 
enalapril versus, 197-199 

K 

Keams-Sayre syndrome, 53 

L 

Laboratory findings 
in heart failure assessment, 132-134 
Lanatoside C, 105 



Laplace's law, 21 

Left ventricular assist devices, 262-263 
Left ventricular diastole 
abnormal. See Diastolic dysfunction 
normal, 772-77 
in preload, 22-23 
Left ventricular ejection fraction 
(3-blockers and, 216 
prognosis and, 152-153, 296 
Left ventricular filling 
diastolic function and, 276, 290-291, 294 
Left ventricular hypertrophy 
diastolic dysfunction and, 23, 279-280, 288 
diastolic function and, 279-280 
Left ventricular suction effect, 275 
Left ventricular systolic dysfunction 
natural history of, 147 
Levosimendan, 233-234 
Lisinopril, 202 

Living with Heart Failure Questionnaire, 157 

Loop diretics, 182-187 

Losartan 

captopril versus, 207, 210 
in diastolic dysfunction, 299-300 
Lusitropy, 1 
Lyme disease, 45 

M 

M band 

in cardiac contraction, 8 
Magnetic resonance imaging 
in heart failure assessment, 136 
Matrix metalloproteinases 
in heart failure pathophysiology, 240 
inhibition of, 97, 240 
Mechanical-assist devices 
in cardiac transplantation, 262-268 
overview of, 268 
Melanoma 

cardiac involvement of, 55 
Metabolic disorders 
heart failure from, 51 
Metalloproteinase, 74-75, 240 
Metoprolol, 217, 219-220, 223-225 
Microneurography, 103 
Milrinone, 166, 177 

Minnesota Living with Heart Failure Questionnaire, 157 
Mitral regurgitation 
heart failure in, 38, 169 
Mitral stenosis 
diastolic dysfunction in, 39 
Morphine sulfate 
in acute heart failure, 164 
Mortality 

in heart failure, 146-150 
trends in, 146-147 
Muscle activity 

in myocardial contraction, 16. See also Myocardial contraction 
Myoblast therapy, 243 
Myocardial contraction, 1-13, 15-31 
afterload in, 26-27 
ATP concentration and, 12 
cellular regulation of, 12-13, 68 
cellular structure and, 2-5 
contractility in, 25-26 
neural control of, 30-31 
proteins in, 5-8 
determinants of, 20-22 
excitation-contraction coupling in, 9-11 
in intact heart, 20-22 
mechanics of, 16-19 
myocardial energetics in, 28-29 
overview of, 1, 15 
plasma membrane receptors in, 13 
preload in, 21-25 
Myocardial energetics 
in myocardial contraction, 28-29 
Myocardial hypertrophy 
diastolic dysfunction and, 23, 287 
heart failure and, 61-80 
(3-adrenergic pathway in, 75-76 
calcium handling in, 66-68 
cell death in, 69-72 
cell replacement in, 72-73 
contractile protein expression in, 66-68 
endothelin in, 78 
extracellular matrix in, 74-75 
inflammatory cytokines in, 78 
molecular and cellular phenotypes in, 63-66 
oxidative stress in, 79-80 
renin-angiotensin system in, 77 
ventricular remodeling in, 62 
patterns of, 85 



INDEX 

305 



Myocardial infarction 
ACE inhibitors after, 200-201 
acute heart failure and, 167 
cardiac remodeling after, 86-99 
early features of, 86-87 
modification of, 92-99 
overview of, 83-84 
prognosis and, 88-89 
progressive enlargement in, 89-91, 99 
diastolic dysfunction and, 284 
Myocardial oxygen consumption 
in myocardial energetics, 28-29 
Myocardial relaxation 
cellular and molecular basis of, 5-13, 68 
Myocarditis 

antimyosin scintigraphy in, 44 
classification of, 43 
giant cell, 44 
histology of, 40-41 
hypersensitivity, 45 
ventricular distortion in, 43 
viral, 42 
Myocardium 
hibernating, 36-37 
stunned, 36 
Myocyte 
aging and, 293 
as angiotensin source, 77 
death in heart failure of, 69-72 
hypertrophy of, 63-66 
in myocardial contraction, 68 
replacement of, 72 
structure of, 2 
Myosin 

in cardiac contraction, 5-8 
structure of, 4 

Myosin binding protein C, 8 
Myosin heavy chains, 68 

N 

Natriuretic peptides, 115-118 
in heart failure assessment, 133-134 
Nebulette, 8 
Necrotizing angiitis 
in polyarteritis nodosa, 49 
Nephron 
diuretics and, 186 
Nesiritide, 165, 178 
Neuregulins, 65 

Neurohormonal antagonists, 230-233 
Neurohormonal systems 
in myocyte apoptosis, 70-71 
natriuretic peptides and, 117 
Neurohumoral systems 
in congestive heart failure, 101-125 
Neuromuscular disorders, 52 
Nitric oxide 

in heart failure pathophysiology, 122-124 
pulmonary hypertension and, 246 
Nitroglycerin 
in heart failure 
acute, 165 
chronic, 179, 239 
postinfarction, 96 
Nitroprusside 

baroreceptor function and, 1 06 
in heart failure 
acute, 165 
chronic, 179 
Norepinephrine 
in heart failure 
acute, 165-166 
elevated levels in, 103, 107 
prognosis and, 151 
muscarinic blockade and, 30 
in myocardial contraction, 17 
in myocyte apoptosis, 70 
in myocyte growth, 64, 66 
nitroprusside and, 1 06 

o 

Ouabain, 189 

Oxidative stress, 79-80, 124, 238 

p 

Pacing 

biventricular, 236-236 
Parasympathetic afferent pathways, 30 
Peak oxygen consumption 
prognosis and, 152 
in treatment assessment, 156 
Peptide growth factors, 65 




Pericardium 

in diastolic dysfunction, 288 
in diastolic pressure-volume relationship, 23-24 
Peripheral blood flow 
determinants of, 125 
Phenylephrine 
in acute heart failure, 1 65 
Pheochromocytoma, 48 
Phosphodiesterase inhibitor, 234 
Phospholamban, 67 
Physical findings 

in heart failure assessment, 130-132 
Plasma membrane receptors 
in myocardial contraction and relaxation, 13 
Polyarteritis nodosa 
necrotizing angiitis in, 49 
Potassium-sparing diuretics, 182 
Preload 

drugs to reduce, 1 65 
in myocardial contraction, 21-25 
force-velocity relationship in, 17 
left ventricular diastole in, 22-23 
Preload reserve 
afterload mismatch and, 25 
Pressure- volume area 
in myocardial energetics, 28-29 
Pressure-volume relationship 
diastolic function and, 277, 285 
heart rate and end-systolic, 26 
pericardium in, 23-24 
postinfarction, 93 

Progenitor stem cell replacement, 73 
Prognosis 

postinfarction remodeling and, 88 
prognostic values in, 151-155 
Proliferative signaling, 12-13 
Propranolol 

left ventricular contractility and, 25 
Prostaglandins 
stimuli to release of. 111 
Proteins 

in cardiac hypertrophy, 13 
contractile 

in heart failure, 66-68 

in myocardial contracticm and relaxation, 5-8 
Pulmonary capillary pressure 
diastolic function and, 274, 283 
Pulmonary edema 
mechanism of, 275 
physical findings m, 129 
treatment of, 297 
Pulmonary hypertension 
heart failure and, 246 

Q 

Quality of life 

after cardiac transplantation, 260-261 
Q-wave infarction 
captopril in, 94 

R 

Race 

treatment response and, 148-149 
with ACE inhibitors, 204 
with (1-blockers, 221-222 
Radiography 

in patient assessment, 135, 140 
Radionuclide ventriculography, 136 
Ramipril, 201-202 
Reactive oxygen species, 80 
Relaxation 
myocardial 
aging and, 292-293 

cellular and molecular basis of, 5-13, 68 
Remodeling, 83-99 
after myocardial infarction 
early features of, 86-87 
modification of, 92-99 
prognosis and, 88-89 
progressive enlargement in, 89-91, 99 
cardiac growth and, 84-85 
classification of, 88 
defined, 85 

m heart failure pathophysiology, 62 
myocyte apoptosis in, 71 
overview of, 83-84 



oxidative stress and, 79-80 
Renal function 

argmine vasopressin and, 114 
renin-angiotensin system in. 111 
Renin 

levels in heart failure of, 108 
stimuli to release of. 111 
Renin-angiotensin-aldosterone system 
in heart failure, 77, 107-111 
prognosis and, 154 
vascular elements of, 109 
inhibition of, 195-211 
ACE inhibitors in, 196-204 
aldosterone receptor blockade in, 205-206 
angiotensin receptor blockers in, 206-21 1 
in tra renal. 111 

overview of, 107-108, 195-196, 211 
Reperfusion therapy 
paradigm of, 93 
Replacement fibrosis 
in ischemic cardiomyopathy, 35 
Restrictive cardiomyopathy, 55-57 
Resynchronization 
cardiac, 235-237 
Rheumatologic disease, 49 
Right ventricular cardiomyopathy, 58 
Right ventricular dysplasia, 58 

s 

Salt intake 

loop diuretics and, 183 
Sarcoidosis 

giant cell myocarditis and, 44 
Sarcomere 

in myocardial contraction, 18 
structure of, 2-3 
Sarcoplasmic reticulum 
in excitation-contraction coupling, 9-10 
Scleroderma, 49 
Shear stress 
nitric oxide and, 123 
Signaling 

m cardiac hypertrophy, 12-13 
in ventricular remodeling, 62 
Skeletal myoblast therapy, 243 
Sleep apnea 

heart failure and, 244-246 
Sodium excretion 
diuretics and, 184 
Sodium-calcium exchanger 

in excitation-contraction coupling, 11 
Spironolactone 
mortality rates and, 110, 205 
Stem cell replacement, 73 
Stiffness 

left ventricular diastole and, 23, 288 
Streptokinase, 92 
Stress testing 

before cardiac transplantation, 250-251 
Stroke work 
body weight and, 84 
Stunned myocardium, 36 
Sympathetic nerv'ous system 
afferent pathways in, 30 
in cell growth, 64 
in heart failure 

pathophysiology of, 102-107, 190 
survival and, 214 

Systemic lupus erythematosus, 1 70 
Systemic sclerosis, 49 
Systemic vascular resistance 
components in heart failure of, 113 
Systolic dysfunction 
diastolic dysfunction versus, 280, 296 
left ventricular geometry and, 280 
pressure-volume relationship in, 281 
survival and, 291 
Systolic heart failure 
congestive heart failure from, 35 



T 

Tezosentan, 230-231 

Therapeutic response assessment, 156-158 
Tlriazide diuretics, 182, 185 
Tliin filament 
in cardiac contraction, 5 



struchire of, 5 
Thoratec VAD, 266 
Thrombolytic therapv, 92 
Thyrotoxicosis, 47 
Ticlopidine 

drug interactions with, 204 
Tissue inhibitors of metalloproteinase, 75 
Titin 

in cardiac function, 8, 274 
Tolvaptan, 114, 232-233 
Torsemide, 186 
Toxicity 

heart failure from, 50-51 
Transplantation See Cardiac transplantation 
IVansplantation coronarv allograft disease, 261-262 
Triamterene, 182 
Tropomodulin 

in cardiac contraction, 8 
IVoponin 

in cardiac function, 5 
structure of, 4 
Trypanosomiasis 
myocarditis from, 46 
Tumor necrosis factor-cx, 78 

u 

LTtrastructure-function relationship 
in myocardial contraction, 19 
Unstable heart failure, 161-179 
acute, 162-172 
causes of, 163 
chronic r’/'s//s, 162 
diagnoshc ophons in, 171 
echocardiography in, 168-170 
myocardial injury in, 167 
treatment of, 164-166, 168, 171-172 
decompensated chronic, 172-179 
clinical features of, 173-174 
precipitating factors in, 173 
treatment of, 172, 175-179 
defined, I6l 
overview of, 161 
Uric acid 

heart failure survix al and, 238 
Urinary tract 

natriuretic peptides and, 117 

V 

Valsartan, 151, 158 
captopril versus, 207 
morbidity and mortality and, 208-209 
Valvular heart disease, 37-39, 169-170 
Vascular catheters 

in acute heart failure, 168 
Vasoconstrictors 
in heart failure mechanisms, 122 
Vasodilators 

in heart failure mechanisms, 122-123 
Vasopressin, 1 12-1 14 
Vasopressin receptor antagonists, 232 
Venous flow 

diastolic function and, 278 
regulation of return of, 24 
Venous turgor 
in diastolic dysfunction, 289 
Ven tr 1 cu 1 a r arrhy thm la s 
prognosis and, 155 

Ventricular hypertrophy Sec Myocardial hypertrophy 
Ventricular remodeling See Remodeling 
Ven tr 1 c u 1 a r tach\ ca rd i a 
prognosis and, 1 55 
Ven tri cu 1 ographx' 
in heart failure 
assessment of, 136 
decompensated chronic, 174 
Verapamil, 298 
Viral myocarditis, 42 

w 

Wall stress 
algorithm for, 93 

postinfarction remodeling and, 91 

X 

Xanthine oxidase inhibition, 239 



ATLAS OF HEART FAILURE: CARDIAC FUNCTION AND DYSFUNCTION 

306 




Color Plates 




Chapter 3, Figure 3-7A, page 37 




Chapter 3, Figure 3-7B, page 37 




Chapter 3, Figure 3-9B, page 38 



A ' *“ ■' *, ' T- 

- -^— u ■ - ^ ^ 1 


1 






• ' . -V ^ ! V 

■ - ■ ’ . ''^/‘ ' •' ' 
D f ^ ^ » .=f* 

^ .. ' - 


Chapter 3, Figure 3-19A, page 43 


Chapter 3, Figure 3-19B, page 43 








Chapter 3, Figure 3-19C, page 43 


Chapter 3, Figure 3-19D, page 43 



COLOR PLATES 

307 









Chapter 3, Figure 3-42B, page 56 




COLOR PLATES 

308 






Chapter 3, Figure 3-47B, page 58 



Chapter 13, Figure 13-19B, page 240 




Chapter 13, Figure 13-20, page 240 




Chapter 13, Figure 13-23A, page 242 Chapter 13, Figure 13-23B, page 242 Chapter 13, Figure 13-23C, page 242 



COLOR PLATES 

309 






Chapter 15, Figure 15-63A, page 300 Chapter 15, Figure 15-63B, page 300 





Chapter 15, Figure 15-63C, page 300 




Chapter 15, Figure 15-63D, page 300 



COLOR PLATES 

310 









